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Abstract

This study focused on assessing the performance of single-ply metal roofing system under high
wind loads. Full-scale measurements were conducted at Insurance Research Lab for Better Homes
at the University of Western Ontario, on a full-scale standing seam metal roof (SSMR) system in
order to investigate the load sharing among the clip fasteners. A pressure loading approach was
used for applying pressure distributions with spatial and time variation on the roof system as the
induced loads on the clips were measured using installed load cells. The influence functions of clip
reactions were measured. It was observed that the area of two adjacent panels all along the standing
seam could be considered as the influenced surface for the clips. By integration of measured
influence functions over the influenced surface, the effective areas of clips were determined. By
comparing the measured effective areas with geometric tributary areas, it was shown that
geometric tributary areas underestimate the amount of the load that is transferred to the edges of
the roof. This underestimation is critical on the eave end at the corner of the roof. It was also
observed that, as the panels deform permanently under higher wind pressures, the induced load
redistributes along the standing seam and more load transfers to the eave end of the roof. This
change indicates the different performances of eave and gable ends of the roof and the role of the
standing seams in load sharing on the SSMR system. An analytical model was introduced to
calculate the effective areas of installed clips on a standing seam metal roof, and it was shown that
the performance of the clips could be modeled as vertical springs. Although the proposed analytical
model only represents the linear behaviour of the roofing system, it can be used to include the
influence of boundary conditions in the standard test protocols to provide more accurate load
capacity.
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Introduction

During windstorms, the damages to the parts of building envelopes like roofing covering are the
costliest compared to the damages of structural frames of industrial and commercial low-rise
buildings (Habte et al., 2015a). Low-rise buildings usually have a single internal space which
results in high internal pressure (Holmes, 2015). During windstorms, intense external negative
pressures occur on building surfaces and can combine with high internal pressure. This large
magnitude of net pressures occurs on relatively small areas assigned to building components while
the main structural frame responds to pressure acting on larger areas. As a result, components and
cladding systems are subjected to higher wind-induced pressure than the main structural system
(Habte et al., 2015a; Kopp and Morrison, 2018). The occurrence of high net pressure causes the
roof damage. When it comes to the estimation of the economic losses, roof damage is an essential
element since even minor damage in the roof can result in the entrance of rain and following
content loss (Dabral and Ewing, 2009; Habte et al., 2015b; Henderson, 2010).

Figure 1-1: Failure of claddings during a storm event while structural frame remained
undamaged
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1.1 Standing Seam Metal Roof (SSMR) systems

Standing seam metal roof systems are commonly used in building envelope systems. Figure 1-2
shows a typical system of standing seam metal roof. A standing seam metal roof can be described
as an assembly of metal panels adjacent to each other, joined along their sides by standing seam.
Two types of standing seam metal roofs, vertical-leg and trapezoidal, which are commonly used
in metal building industries, are shown in figure 1-3. The panels are attached to underlying
structural purlins using a clip which is concealed in the seam (between adjacent legs). The hidden
clip allows for a joint-free surface, except at transverse ends where panels overlap. The structural
layout of standing seam metal roofs can be built by the application of panels connected to sliding
clips which are fixed to the purlins with or without intermediate elements (Bridge system). The
bridge system has two components: a bridge clip and bridge bar. The bridge bar is fixed to the
sliding clips, and the bridge clips are fitted into the bridge bar while the foot of the bridge clip is
fixed to the purlin (Kachichian and Danai, 2012). For standing seam metal roofs installed on
buildings, the panels are fastened to supporting framing members at boundaries of the roof. The
fasteners are used for connecting:


Sub-purlins to structural members



Panel clips to purlins



End laps (exposed to weather)

The attachment clip may slide at its base relative to the structural member, or the panel may slide
relative to the clip (Griffin and Fricklas, 2006). The possibility of movement in the longitudinal
direction due to thermal expansion and contraction makes standing seam metal roof system a better
option compared to conventional roof systems to withstand extreme temperature variations. In
contrast with membrane roofs, where water can follow the slope of the uninterrupted surface, in
standing seam roofs, the ribs channel the flow of the water, and as the seams stand above the roof
waterline, they form a watertight seal (Griffin and Fricklas, 2006). Standing seams also make a
secure connection between adjacent panels, which provides structural support to the roof system
(Prevatt et al., 1995). Standing seam metal roof system is less subjected to installation error since
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by design, the need for the panel to panel fasteners and hole penetration for attaching panels to the
structure reduces considerably. That is why standing seam metal roofs are proven to be an excellent
watertight, economic and high-performance roofing system (El Damatty, 2003; Ali and Sensery
2003; Song et al., 2015).

Figure 1-2: Standing Seam Roof Panel System (Serrette and Pekoz, 1997)

Figure 1-3: Sectional views of (a) Vertical-leg and (b) Trapezoidal of standing
seam metal roofs (Habte et al., 2015a)

Unlike traditional roof systems with relatively high mass, the panels of standing seam metal roofs
are very lightweight which experience large geometric deformations under wind loads (Dixon et
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al., 2011). Uniform pressure causes specific shapes to deform enough to change their section
properties and performance (Schroter, 1991). As can be observed in figure 1-4a, under uniform
positive pressure, the flat panel between ribs of a standing seam panel bends downward and the
effective height of the ribs increase which increases of the moment of inertia and section modulus.
On the other hand, the deformation of panels under uniform negative pressure (figure 1-4b) causes
reduction of both moment of inertia and section modulus. Thus, while deformation of panels from
positive pressure tends to increase load-carrying capacity, negative pressure initially reduces
bending strength and affects the clip engagement (Schroter, 1985). As pressure increases, further
distortion of the middle flat induces a torsional force on the ribs. Failure by rib rotation and
subsequent buckling may be more significant for panels with vertical ribs than with trapezoidal
ribs (Schroter, 1985). Large deformation of seams is expected in the high negative pressure region
(El Damatty, 2003). Also, a high-tension force develops in the clips as they act as supports for the
roof. The large deformations combined with the high-tension forces experienced by the clips
eventually result in the clip slipping out from the seam, causing failure of the roof (El Damatty,
2003).

Figure 1-4: Deformation of panels under uniform pressure (a) Positive
pressure and (b) Negative pressure

Distortion of the flat panel is primarily a function of cross ribs, panel width, material properties,
and sheet thickness.The influence of rib configuration and rigidity of the connection between
individual panels can only be determined by tests which match the real performance of the roof
system (Schroter, 1985). The current method to evaluate the performance of the roof under wind
loads includes two steps (Habte et al., 2015a):
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Determining the component design load using different provisions of codes and standards



Conducting physical tests on roof system to assess its capability to withstand the design
loads.

1.2 The current approach to determine the design load for
cladding and components

As the wind blows on a structure, it creates a surface pressure distribution, which varies with
location on the building surface and with time. Building codes such as ASCE 7, characterize
pressures as simple static loads of different magnitude acting over various surfaces of a building
and design structures like metal roofs by defining uniform pressure zones as the interior, edge and
corner zones (ASCE 7, 2016).

The current standard design approach of metal roofs for wind loading is based on statistical average
values of pressure distributions weighted by factors related to the location and terrain (Sinno,
2008). Considering the clips which are used to hold panels on the main structure, the design load
(F𝑈 ) for a clip can be calculated as;
F𝑈 = 𝑃𝐴𝑆𝐶𝐸 𝐴𝑒 = 𝐺𝐶𝑃 (0.613 𝐾𝑒 𝐾𝑧𝑡 𝐾𝑑 𝐾𝑧 𝑉 2 )𝐴𝑒

(1)

where 𝐺𝐶𝑃 , is the peak pressure coefficient in the ASCE 7 standard, 𝑉 is the basic wind speed in
m/s, 𝐾𝑧𝑡 is the topographic factor, 𝐾𝑑 is wind directionality factor, 𝐾𝑧 is velocity pressure exposure
factor, 𝐾𝑒 is ground elevation factor , and 𝐴𝑒 is the tributary area of the component. Standards like
ASCE 7 use the geometric tributary area for a given component, which can be defined by using
half of the distance to an adjacent fixing. It should be noted that the design pressure coefficient in
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the ASCE 7 is chosen based on the tributary area of the component and the zone which the
component is located in.

1.3 Determining an appropriate design wind load on low-rise
buildings

Pressure distribution on exposed surfaces of a building can be represented as a set of discrete timevarying pressures each associated with a specific tributary area. The time history of pressure at
̅𝑖 ) and the fluctuating part (𝑃′𝑖 );
each point can be presented as the summation of the mean value (𝑃

̅𝑖 + 𝑃′𝑖
𝑃𝑖 = 𝑃

(2)

A standard method to estimate peak value of wind load is to use mean pressure together with peakgust wind speed (Holmes and Best, 1981; Holmes and Best, 1983; Kasperski, 1992). For design
purposes, it is essential to have an accurate estimation of peak values of structural responses
(Holmes and Best, 1981). Since there is not enough evidence of resonant response of low-rise
building roof panels in the literature, despite significant time variability, the behaviour of roof can
be considered quasi-static (Surry et al., 2007; Holmes and Best, 1983). That is why low-rise
buildings have been traditionally designed based on quasi-static assumption using mean pressure
distribution by defining a gust factor which is the ratio of the peak value in a period to the mean
(Surry et al., 2007; Holmes and Best, 1983). The gust factor of a structural response (𝑟) can be
calculated as;
𝐺𝑅𝐹 =

𝑟𝑚𝑎𝑥
𝑟̅

(3)
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GRF might change significantly for different structural responses and using a single GRF for
several responses may lead to conservative or un-conservative design. On the other hand, it cannot
be a representation of real wind load pattern especially for the crosswind and torsional responses
which are usually characterized by zero mean wind loading (Holmes, 1988; Kasperski, 1992;
Haung and Chen, 2007). The fact that wind pressures on the structures vary in both time and space
makes it hard to have an accurate estimation of load effects such as internal forces, stresses, and
deflections (Holmes, 1992). Thus, it is important to define a wind load pattern which is simple
and effective. The primary criterion to determine the effectiveness of simplified loading patterns
is the reproduction of the effects of the wind loads on the structural system (Ho et al. 1995). The
reactions of a structural system can be related linearly to the pressure distributions;

𝑛

𝑛

𝑟 = ∑ 𝑃𝑖 𝐼𝑖 𝐴𝑖 = ∑(𝑃̅𝑖 + 𝑃′𝑖 )𝐼𝑖 𝐴𝑖
𝑖=1

(4)

𝑖=1

where 𝑟 is the total instantaneous value of certain structural response at any point in time, 𝐼𝑖 is
influence coefficient, which can be defined as the value of the structural parameter when unit load
is applied at point 𝑖, and 𝐴𝑖 is the tributary area influencing structural response. The number of
tributary areas influencing the response is presented by 𝑛 (Holmes and Best, 1981). Thus, the
influence functions provide a direct link between the wind load patterns and structural responses
(Davenport, 1995). The structural response can also be divided into two parts, mean and
fluctuating, as Reynolds’ decomposition of loads, which is shown in figure 1-5 and be calculated
as;
𝑛

𝑛

𝑟 = ∑ 𝑃̅𝑖 𝐼𝑖 𝐴𝑖 + ∑ 𝑃′𝑖 𝐼𝑖 𝐴𝑖 = 𝑟̅ + 𝑟 ′
𝑖=1

𝑖=1

(5)
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Figure 1-5: Reynolds’ decomposition of induced load on clips installed on the standing
seam metal roof

The fluctuating response consists of both time-varying component, which can be introduced as
background response, and resonant response as an oscillatory component with a well-defined
frequency as shown in figure 1-6. The fluctuation part of wind load effect can be represented as;
1/2
2

2

𝑟 ′ = ( 𝑟′𝐵 + ∑ 𝑟′𝑅𝑗 )

(6)

𝑗

where 𝑟′𝐵 denotes the rms background response and 𝑟′𝑅𝑗 the rms of the resonant response peak in
the 𝑗th mode of the vibration.

9

Figure 1-6: Characteristics of dynamic response to wind and its spectrum
(Davenport, 1995)

For low-rise buildings, fluctuating external pressures are highly dependent on the turbulence
properties. However, although the upwind velocity fluctuations in boundary layer wind are nearly
Gaussian, it is not the same for the fluctuation on building surface (Holmes, 2015). The pressure
fluctuations on low-rise building roofs vary significantly in time and space. Holmes and Best
(1983) used Proper Orthogonal Decomposition (POD) method to simplify this complexity into a
series of modes each with its spatial shape. They showed that in order to describe the complexity
of variations on low-rise buildings, only a few of these modes are required. The first mode which
reflects the upwind pressure field, is the strongest and the second and higher mode shapes are
related to local turbulence generated by the structure itself (Holmes and Best, 1983). The fact that
the first mode which is associated with the upwind turbulence fluctuation is the strongest explains
the success of quasi-static estimation of background responses and neglecting resonant dynamic
effects for low-rise buildings (Davenport, 1995; Holmes, 2015).

The peak value of structural response can be calculated by defining a peak factor;
𝑟𝑚𝑎𝑥 = 𝑟̅ + 𝑔𝑟 𝑟′

(7)

where 𝑔𝑟 represents the peak factor of particular response for the given reliability. Determination
of peak factor relies on the probability distribution of the response.
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Several studies focused on the computation of equivalent static wind load distribution associated
with the extreme value of structural parameters. Holmes and Best (1981, 1983) used Covariance
Integration method to estimate peak value of structural responses of low-rise buildings as;

𝑛

1
2

𝑛

2
′ 2 ) = (∑ ∑ ̅̅̅̅
(𝑟̅̅̅̅
𝑃𝑖 𝑃𝑗 𝐼𝑖 𝐼𝑗 𝐴𝑖 𝐴𝑗 )

(8)

𝑖=1 𝑗=1

̅̅̅̅
𝑃𝑖 𝑃𝑗 represents the covariance between pressure fluctuations at points 𝑖 and 𝑗 and 𝐼𝑖 and 𝐼𝑗 are
structural influence coefficients associated with areas 𝐴𝑖 and 𝐴𝑗 where 𝑛 is the number of tributary
areas which influence structural load. Covariance matrix contains all the required information on
the statistical correlation between the fluctuating wind loads over the building for a particular wind
direction. Holmes and Best (1981, 1983) concluded that these covariance measurements, weighted
by appropriate structural influence coefficients can be used to estimate the rms values of wind load
effects. For these experiments, “coincident peak” pressures, coincided with the maximum value of
a particular load effect were measured using conditional sampling (Holmes and Best, 1981;
Holmes and Best, 1983; Holmes, 1988). Unlike Holmes (1988) who used the identification of peak
load distribution using conditional sampling, Kasperski (1992) introduced a method that was based
on correlation analysis of wind loads and their effects, which reduces experimental effort. LoadResponse-Correlation (LRC) method identifies the load pattern which causes a specified maximum
response of a quasi-static linear system;
𝑚

𝑚

𝑟𝑖 𝑚𝑎𝑥 = ∑ 𝑎𝑖𝑘 . ̅̅̅
𝑃𝑘 + 𝑔𝑟 ∑ 𝑎𝑖𝑘 . 𝜌𝑟𝑖𝑃𝑘 . 𝜎𝑃𝑘
𝑘=1

(9)

𝑘=1

where 𝑟𝑖 𝑚𝑎𝑥 represents the maximum structural response at point 𝑖, 𝑎𝑖𝑘 is the response at point 𝑖
to unit load at point 𝑘,̅̅̅̅
𝑃𝑘 and 𝜎𝑃𝑘 represent mean value and standard deviation of wind load at
point 𝑘 respectively, and 𝜌𝑟𝑖𝑃𝑘 is the correlation coefficient between the wind load 𝑃 at point 𝑘
and load effect 𝑟 at point 𝑖. The equation can be rewritten as;
𝑚

̅̅̅𝑘 + 𝑔𝑟 . 𝜌𝑟 𝑃 . 𝜎𝑃 ]
𝑟𝑖 𝑚𝑎𝑥 = ∑ 𝑎𝑖𝑘 . [𝑃
𝑖 𝑘
𝑘
𝑘=1

(10)
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Thus, the load pattern which can be used for an accurate design of the components to the peak
response can be expressed as;
̅̅̅
𝑃𝑘 + 𝑔𝑟 . 𝜌𝑟𝑖 𝑃𝑘 . 𝜎𝑃𝑘

(11)

Using LRC method can help to take into account a realistic distribution of wind load which
produces accurate peak structural response (Kasperski, 1992). One of the limitations of LRC
method is that it does not present a method to determine peak factor and as a result, this method
has been limited to wind load and responses with Gaussian probability distributions (Kasperski,
1992). Although LRC method is not practical for nonlinear effects like resonant vibrations due to
reduction of load–response correlation, since the performance of low-rise building roofs is
assumed to be quasi-static (Surry et al. 2007), it can be concluded that the identified load pattern
using LRC method will be a good representation of real wind load for low-rise building responses.

1.4 Standardized testing methods to evaluate the performance
of SSMR systems

Considering the spatial and temporal variations of the real wind pressures that act on roofs,
assessing the performance of the roof components is challenging. Different methods such as
numerical solutions, mathematical formulation, analytical methods, wind-tunnel tests, and fullscale experiments can be used to study the responses of the structure under uplifting wind loads
(Solari and Tubino, 2007). Currently, laboratory testing methods using uniform static loading
conditions induced by compressed air or partial vacuum are used to verify the structural
performance of thin metal standing seam roofs (Surry et al., 2007; Sinno, 2008). Two common
physical testing protocols in North America are the Underwriter Laboratories 580 (UL 580, 2006)
and American Society for Testing and Materials E1592 (ASTM E1592, 2005). These test methods
are structural capacity tests to determine the ability of clips and panel components to withstand
deformation of roof specimen under uniform air pressure (Schroter, 1994).

12
For ASTM E1592, uniform pressure is applied on the specimen installed on a 3.6𝑚 by 7.3𝑚 (12𝑓𝑡
by 24𝑓𝑡 ) pressure chamber. Pressure is applied using a blower connected to the pressure chamber.
The pressure is controlled manually using the valve and is monitored by installed pressure
transducers. The load cycle starts with applying 0.24 𝑘𝑃𝑎 (5 𝑝𝑠𝑓) as the reference pressure for
one minute and then increased to one-third of anticipated failure pressure, held for one minute and
then returned to reference pressure. For each subsequent pressure step above the reference
pressure, the increase of pressure is one-sixth of failure pressure, held for one minute and returned
to reference pressure. At each step, the vertical displacements of the panel along the seam and at
the centre of the panel are recorded. This process continues until the failure happens (ASTM
E1592, 2005).

Neither of these standard protocols, resemble the real wind load and its temporal and spatial
variations (Habte et al., 2015a). These standard tests evaluate the uplift performance of panels and
clips but do not monitor loads at fasteners (Dixon and Prevatt, 2010). The boundary conditions of
panels affect the overall panel stiffness, and load carrying capacity but current tests do not evaluate
the strength of fasteners at the boundaries of the specimen (Dixon et al., 2011). Schroter (1985)
has shown that for UL 580 test, there is a reduction in the overall panel deflection due to choosing
an insufficient size of the tested specimen and unrealistic boundary conditions. The performance
of roofs and roof components is a function of fabrication, installation, and adjustment, so in order
to apply the results of the tests to determine allowable design load, a factor of safety is applied.
For interpreting the test results, it should be considered that static pressure does not cover all the
aspects of dynamic wind loading and that the building code values for minimum design wind
pressures do not deal with the load sharing on the roof (ASTM E1592, 2005). Farquhar et al. (2005)
and Surry et al. (2007) have shown that applying uniform pressure in ASTM E1592 test results in
conservative structural responses. To be concluded, the reasons for the inadequacy of standard
product tests can be summarized as;


Defined static and uniform pressures are used to evaluate the uplift capacity.



Real boundary conditions are not considered.



Test specimen size may not be realistic
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1.5 Failure mechanisms for standing seam metal roof systems

Recognizing a relationship between the strength of the clips and the applied pressure, Scholar
(1985) identified four failure mechanisms of the standing seam metal roof system as presented in
figure 1-7. The maximum capacity is defined based on the strength of the clip independent of
applied pressure. At some pressures, the capacity of clips reduces as the distortion of panels affects
clips engagement. The flexural bending strength of panels and standing seam strength are other
factors which affect the capacity of the system.

Figure 1-7: Failure mechanisms of the standing seam metal roof system (Schroter, 1985)

According to post-damage assessments, many failures of standing seam metal roof systems start
at boundaries of the roof where high suctions occur and eventually results in panel seam separation
failures (Perry et al., 1990; Smith, 1995). That is why improper details at the boundaries of the
roof can be considered one of the reasons for the failure of the standing seam metal roof (Dixon et

14
al., 2011). An example of the failure of a standing seam metal roof system under high wind load
is shown in figure 1-8. It can be observed that clips remain attached to the Z purlins.

Figure 1-8: Failure of an SSMR system due to improper details at boundary conditions
(RICOWI, 2007)

As mentioned in section 1.4, the standard tests do not evaluate the standing seam metal roof failure
at the boundaries. Under uniform static loading, the metal roofs usually swell to a balloon shape
with severe uniform pressure on the standing seam lines of the panels. The ultimate failure of the
roof under uniform pressure often corresponds to seam line failure which leads to disengagement
of clips from the standing seam (Sinno, 2008).

For roof systems with proper details at their boundaries, if the fasteners at the edges of the roof do
not fail first, the standing seam metal roof system capacity is usually controlled by the performance
of clips and the seams (Schroter, 1994). Failure of standing seam metal roofs under increasing

15
uplift pressure, initiated with rotation and spreading of the seams as the result of panel deformation
as shown in figure 1-9.

Figure 1-9: Typical seam failure due to panel deflection (Dixon and Prevatt, 2010)

Due to weak seam-clip connections, standing seam metal roof systems are sensitive to uplift wind
pressure (Prevatt et al. 1995; El Damatty, 2003; Ali and Sensery, 2003). The strength of the clip
itself can be evaluated in individual pullout tests, but it is essential to understand how different
components of roof system work together (Schroter, 1994). The fact that no single mechanism
controls the failure of standing seam metal roof indicates the difficulty of evaluating the ultimate
failure capacity of the SSMR system (Dixon et al., 2011).

To obtain test results comparable to the behaviour of a full-scale roof, the edge support and the
number of panels in the test setup are critical (Schroter, 1985). In reality, the experimental failure
modes observed during uniform pressure tests might occur at different pressures or locations; thus,
they cannot be a representative for non-uniformity of actual wind loads. Also, non-linear structural
response and great displacements of standing seam metal roofs under high uplift pressures cause
variations in load distribution among roof clips such that the simple tributary area assumptions are
not an accurate representation for resultant effective area of components (Prevatt et al., 1995;
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Sinno, 2008). Thus, it is essential to have a better understanding of load sharing on the SSMR
system, and its change as the roof fails.

1.6 Emerging full-scale test methods for assessing wind load
performance

Wind engineering research is experiencing some impressive changes with large-scale and fullscale research facilities being built around the world to deal with the rising economic losses
associated with natural disasters caused by severe wind storms. The new research facilities can
bring realistic wind loads to full-scale structures, enabling the development of improved building
code requirements and product safety standards (Kopp et al., 2012). The standard tools to
determine wind speed damage/failure relationships and produce wind load coefficients, wind
speed statistics and structural responses for design are wind tunnel measurements, wind climate
measurements and modeling, structural analysis and standardized testing. These methods often
involve some significant assumptions and simplifications. Wind tunnel testing using scale models
is known to have issues related to Reynolds Number effects. Field experiments are essential tools
for developing the understanding of the limitations of wind tunnel testing and structural analysis,
but they are limited because of the uncontrolled nature of the experiments and the limited range of
the parameters that can be examined. Full-scale field measurements have been relatively rare due
to the costs and time involved in such experiments. Rather than providing design information
directly, most full-scale field tests provide important validation data for analytical and numerical
models (Kopp et al., 2012).

Advanced methods can provide more realistic information compared to standardized product tests,
but these new methods cannot be used for all the cases because of all the time and money
consumption, which is why uniform tests for building components will remain as the primary
standard for the foreseeable future. The fact that standard tests will remain as the primary method
for evaluating building components does not mean that their limitations should be ignored. In other
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words, these tests should be improved so they can present more realistic results and this can only
happen by understanding the real behaviour of structural components using advanced methods.

1.7 Objectives of the thesis

As mentioned in previous sections, the overall panel stiffness and load carrying capacity for
standing seam metal roof are affected by the boundary conditions of the roofing system while
current standard test methods are concentrated on determining the ability of clips and panel
components to withstand deformation of roof specimen under uniform air pressure regardless of
the performance of the installed fasteners at the boundaries of the tested specimen. On the other
hand, only full-scale experiments provide the opportunity to investigate the behavior of the roof
components and their impact on the performance of the roofing system under static and dynamic
wind loads.

The objectives of this study can be summarized as:


To determine the effective tributary areas and influence functions of clips



To understand load sharing mechanisms among the installed clips on a standing seam metal
roofing system



To investigate the influence of panel deformation and load-level on load sharing



To have a better understanding of the role of boundary conditions in the performance of
the standing seam metal roof system
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1.8 Overview

Chapter 1 presents background information on the limitations of standard methods for validating
the performance and designing the standing seam metal roof systems and an alternative method
for designing roof components. List of objectives is also included. Chapter 2 contains a literature
review on previous studies conducted on the performance of the standing seam metal roof system
under more realistic wind load.

Chapter 3 describes the experimental methods and equipment used for applying static and dynamic
wind pressures on standing seam metal roof systems and also the equipment used for measuring
induced clip reactions. The validation of applying pressure distributions and load measurements
on tested standing seam metal roof is explained.

Chapter 4 is focused on load sharing on the tested standing seam metal roof and the load paths as
the roof is subjected to different magnitudes of wind loads. Finally, redistribution of wind load
among the clips as the result of panel deformations is investigated.

The concept of influence function and use of this approach to have a better estimation of clip
influence surface is discussed in chapter 5. A comparison between using new effective areas and
use of geometric tributary areas for estimation of clip reactions under uniform wind pressure is
presented, and an estimation of load transferred to the boundaries of the roof is provided.

In chapter 6, based on measured influence surfaces, a linear analytical model is developed to
calculate effective area of installed clips on standing seam metal roofs. By focusing on changes of
influence functions along the standing seam and locations away from the standing seam, the
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standing seams are modeled as continuous beams with installed clips as vertical springs in order
to consider the displacements of clips under applied wind loads. A comparison between using
modeled influence surfaces and geometric tributary areas for estimation of clip reactions under
dynamic wind pressure is presented.

Using measured pressure distributions on the standing seam metal roof tested at IBHS full-scale
wind tunnel and modeled influenced surfaces of clips, chapter 7 details the use of Load-ResponseCorrelation method to define an equivalent static wind load as design load for installed clips on
the standing seam metal roof system. Finally, conclusions and recommendations are presented in
chapter 8.
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2

Literature review

2.1 Experimental studies on standing seam metal roofs

Wind-induced pressures on the roof of a low-rise building have large spatial variations with low
spatial correlation which means that area-averaged wind pressures are reduced as the tributary area
assigned to the roof component increases (Surry et al., 2007). Several research studies have
focused on the role of spatially varying wind patterns on the performance of roof panels.

As one of the earliest experiments which tested roof subjected to non-static loads, the Building
Research Establishment (BRE) developed an air pressure valve system that permits rapid
fluctuation of air pressure within a test chamber, the BRE “Real Wind Uniform Load Follower”
(BRERWULF) could be used to develop time-varying pressures which replicated a time-history
directly measured in full-scale or in a wind tunnel, but the unsteady pressures produced in this
setup remained spatially uniform (Cook et al.,1980).

Prevatt et al. (1995) used BRERWULF to recreate hurricane level winds in the laboratory in order
to investigate the performance of standing seam metal roofs under uniform, but time-varying, wind
pressures. They used the influence-surface concept to represent changes in the load transfer
mechanisms in order to have a better understanding of roof-deformation behaviour and load
transfer to the clips. The influence surface experiment was conducted by applying a fixed point
load of 100 lbs at a series of locations as shown in figure 2-1. The measured influence surfaces for
both clips had similar shapes. Figure 2-2 shows the measured influence surface while the tested
specimen is not subjected to pressure. They concluded that when the standing seam metal roof
panels are not pressurized, the majority of the load transfer comes from the two panels directly
connected to the clip and longitudinally, the clip load consists the load effect from at least a
complete purlin span away and the magnitude of influence coefficients of vertical clip reactions
ranging from 0.4 to 0.8. However, as the panels deform to a barrel-shaped configuration, the
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magnitudes of influence coefficients reduce and the tributary areas of clips as the surface with nonzero influence coefficients increase along the seams and decrease in a transfer direction (Prevatt
et al., 1995; Dixon et al., 2011).

Figure 2-1: Locations of grid points for influence surface determination around clips C2
and C3 (reproduced from Prevatt et al., 1995)

Figure 2-2: Influence surface for clip fastener at C2 location (Prevatt et al., 1995)
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In order to calculate induced clip reactions on standing seam metal roof, Ho et al. (1995) used a
continuous beam model as their theoretical influence surface while this influence decreases
linearly on locations away from the seam. Figure 2-3 depicts the influence surface introduced by
Ho et al. (1995) for reaction at first interior support under unit uplift load. It can be observed that
by assuming the clips as simple supports and applying the unit uplift load at the clip location, the
induced load on the clip is equal to -1. For the locations on the panels away from the standing
seam, the influence functions change linearly from the calculated influence function on the
standing seam to zero on the adjacent seam.

Figure 2-3: Influence surface for reaction at interior clips used by Ho et al.
(Ho et al., 1995)

Sinno et al. (2003, 2005) simulated the non-uniform unsteady wind loading conditions in time and
space on a standing seam metal roof system using electromagnetic drivers as the loading
mechanism. The details of applying controlled uplift pressures on metal roofing using
electromagnets are discussed in the work of Sinno et al. (2001) and Shaunda (2001). The nonuniform uplift forces were produced by using intense electromagnetic forces from suspended
magnets at a gap distance from the metal roof, as shown in figure 2-4. Uniform positive pressure
was applied from underneath the cladding using an air-box.
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Figure 2-4: Electromagnetic uplift testing – Group of electromagnetic nodal points
(Sinno, 2008)

The pressure field induced on the metal roof using electromagnetic nodal points was obtained from
model-scale measurements at the University of Western Ontario (UWO) wind tunnel. Using the
UWO wind tunnel data, the area which should be considered for each electromagnet was designed,
and these uplift suction forces were applied by each electromagnetic actuator at the centroid of
these predefined areas. Each nodal point consisted of the actuator, an electronic control board, and
a load cell for verification of the produced forces. The system was programmed to generate timevarying forces equivalent to the forces supplied by UWO (Surry et al. 2007; Sinno et al. 2008).
The detailed set-up of electromagnets is shown in figure 2-5. Despite of testing real roof systems
in Mississippi State University (MSU), using electromagnets caused limited resolution of applied
forces (Sinno et al. 2003; Sinno, 2008) and also due to the additional mass of electromagnetic
actuators and unrealistic boundary conditions, the structural dynamics were not appropriately
represented. For these experiments, the reactions of six installed clips were measured using load
cells. Figure 2-6 depicts the tributary line, which is the ratio of applied pressure on the roof and
measured clip reactions. Sinno et al. (2001) concluded that the roof responded linearly to the
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uniform static pressure loading and the deviation of the measured data from the tributary line for
each clip can be due to the boundary conditions of the panels and the to the deformation of roof as
a whole.

Figure 2-5: Electromagnetic actuators set-up (Sinno, 2008)

Figure 2-6: Static pressure – Clip reaction curve (Sinno, 2008)
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Farquhar et al. (2005) tested a model-scale roof of MSU experiments at the University of Western
Ontario wind tunnel in order to investigate the relationship between uniform uplift failure pressure
and real failure wind speed. Despite using realistic wind loads in the wind tunnel experiments,
detailed behaviour of roof components was not modeled in small-scale. The model consisted of an
airtight fabric membrane spanning the test box with piano wires added as standing seams. Due to
these simplifications of the structural system, the structural dynamics were not fully replicated.

Farquhar (2003) concluded that the relationship between effective uniform pressure and responses
of roof components under actual wind pressure could be analytically predicted using the influence
function of clip reactions. Farquhar (2003) calculated the clip reaction influence function along
the model seams using equations for the deflection of a beam due to a point load at mid-span, and
the change of influence coefficients for points away from standing seam was considered linear
from the influence coefficient on the seam to zero at the adjacent seam. The beam deflection
equation is a function of end conditions; thus, it was concluded that the rotational resistance of
clips could be assumed between the case of pinned and fixed connections and equivalent to a
rotational spring. Figure 2-7 shows Farquhar (2003) influence lines of clip reactions close to edge
and clips at interior locations.

Using the introduced analytical model of clip reactions influence functions and wind tunnel
pressures, Farquhar et al. (2005) investigated the wind loads on clips used to hold down the
standing seam metal roof. They concluded that ASCE 7-02 overestimates the design clip load
about 30%. Although these results were in a good agreement with the results of the full-scale tests
conducted at Mississippi State University (Farquhar et al. (2005); Surry et al., 2007) , it should be
noted that these conservative results were only for structural responses of a specific system and
were in contrast with the studies focused on aerodynamic results. St. Pierre et al. (2005) compared
peak pressure coefficients from the NIST aerodynamic database (Ho et al., 2005) to the peak
pressure coefficients in ASCE 7-02 and found that ASCE 7-02 is un-conservative for the main
structural responses. Monroe (1996) also have shown that the ASCE 7 pressure coefficients are in
general un-conservative. Kopp et al. (2005) using particular dataset (Ho and Surry, 2000) have
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also shown that the ASCE7-02 is un-conservative for induced loads on cladding and components.
In order to explain this contradiction in the conservatism of standard methods, Morrison and Kopp
(2010) extended Farquhar et al. (2005) work and showed that clip loads might be overestimated
despite underestimation of ASCE 7-02 pressure coefficients. The reasons for this overestimation
can be summarized as:


The clips on the roof not being located in the worst aerodynamic region of the roof.



The changes in the influence function for the clips adjacent to the edge under high wind
suctions.



The uniform influence function assumed by the code being conservative.

Figure 2-7: Influence line for clip reactions along seam, beam deflection shapes using
pinned (-) and fixed (--) connections, individual experimental measurements (x) and
average of experimental measurements at each point (▲). Curve on left represents
influence line for clips located at seam ends, curve on right represents influence line for
clips at interior locations (Farquhar, 2003)

Since boundary conditions affect the stiffness of panels and their deformation under applied wind
load, Dixon et al. (2011) focused on the influence of boundary conditions on load paths within the
standing seam metal roof system. By applying uniform pressure on standing seam metal roof
panels installed on a 3.65𝑚 by 7.2𝑚 (12𝑓𝑡 by 24𝑓𝑡) pressure chamber, induced clip reactions were
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measured using installed full-bridge load cells. An empirical design method was suggested for
predicting the induced load on clips at or near the boundaries of the standing seam metal roof
system. They concluded that about 40% of the load is being carried by fasteners installed at the
edges of the roof. By defining a load coefficient (𝐶), the predicted clip load (𝐿𝑓 ) can be estimated
as;
𝐿𝑓 = 𝐶 . 𝑋. 𝑌. 𝑃

(12)

where 𝑋 is the distance of clips from gable edges and 𝑌 is the distance from eave edge. The applied
uniform pressure on the chamber is represented as 𝑃 . Values of load coefficients can be found in
the work of Dixon et al. (2011).

Habte et al. (2015) tested standing seam metal roof panels with dimensions of 3.1𝑚 by 4.6 𝑚
under more realistic wind load installed. For these experiments, the 12-fan Wall of Wind (WOW)
open jet facility at Florida International University (FIU) was used to generate the wind field. They
tested two types of standing seam profiles (vertical-leg and trapezoidal) considering different
perimeter attachments. For vertical-leg SSMR system, eave trims were installed on all four sides
of the specimen while for trapezoidal SSMR, trims were only installed on two gable ends. It was
observed that roof panel profiles and perimeter eave attachments could significantly affect uplift
pressures on the roof and the failure modes under uniform pressure are entirely different from what
is experienced under dynamic pressure. For the experiments conducted at FIU, panel ballooning
and panel rib rupture were observed and the mode of failure was clip rupture while for ASTM
E1592, the dominant type of failure is clip slippage from standing seam (Habte et al., 2015b).

Morrison and Reinhold (2015) investigated parameters that affect the conservatism or unconservatism of design wind loads and standard test methods for low-slope, commercial, metal
roof systems. Figure 2-8 shows a photograph of the completed building inside the Insurance
Institute for Business and Home Safety (IBHS) test chamber. The SSMR system, which was tested
in the IBHS experiments, was installed as the roof of a 9.1𝑚 by 13.7𝑚 (30𝑓𝑡 x 45𝑓𝑡) metal
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building. At each location where two panels meet and cross a purlin, a clip was attached, which
made a total of 158 clips. External pressures on the SSMR system were measured using 375
pressure transducers. The measured pressures at each pressure tap location were referenced to the
internal pressure of the building. By referencing the pressures to the internal pressure of the
building, the net pressures reflect the actual wind loads on the panels. For these tests, the roof was
subjected to different wind profiles with wind directions of 0°-90° on each corner at four different
wind speeds (25.8, 31.9,37.8, and 44.0 m/s). Figure 2-9 depicts the location of installed clips and
pressure transducers for these measurements. It can be observed that all four corners of the building
are different regarding clip spacing. IBHS tests were conducted over an entire 360° wind swath.
However, a relative coordinate system for each corner is used so that 90° is the same relative wind
angle for all the four corners.

Full-scale experiments in the Insurance Institute for Business and Home Safety’s (IBHS) wind
tunnel have provided the opportunity to understand the performance of a standing seam metal roof
system with its actual dimensions and boundary conditions under realistic wind load (Morrison
and Reinhold, 2015). The current study was centred around the data obtained on both the external
wind loads on an SSMR system and the reaction loads at the clips holding the roof panels in place
at IBHS full-scale wind tunnel as the most realistic data which are available.

Figure 2-8: Complete building used in the IBHS tests (Morrison and Reinhold, 2015)
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Figure 2-9: Plan view of the locations for purlin (red), clips (black) and pressure taps
(green) on the test building. Global wind directions are shown in black while relative wind
directions for each corner are shown in blue (Morrison and Reinhold, 2015)

2.2 Numerical studies on standing seam metal roofs

Finite element approaches provide the opportunity to investigate the performance of the roof
systems with the least amount of approximation regarding the boundary conditions (Surry et al.,
2007) and eventually can be used to assess failure mechanisms of roof components. Several studies
used finite element analysis (FEA) to calculate structural responses of standing seam metal roof
system under wind loads. Ali and Sensery (2003) conducted detailed FEA using ABAQUS to have
three-dimensional static and dynamic analysis in order to understand the effect of the geometry
and boundary conditions for the roof panels, seams, clips, fasteners, and purlins. Figure 2-10
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depicts the mesh for panels, clips and adapter flashing. Purlins were modeled using beam elements
along the purlin and using spring elements at the clip and fastener locations. Experiments
conducted at Mississippi State University were used for validation of this model.

Comparing the calculated and experimental results, they indicated the influence of boundary
conditions, the interaction between roof components and geometric and material nonlinearities on
the roof responses and concluded that nonlinear analysis is needed to improve the computed
deflections of roof panels and deformation of seams under high wind loads. They also showed that
considering geometric tributary area underestimates the calculated clip reactions by 15-20 % (Ali
and Sensery, 2003).

Figure 2-10: Finite element model of MSU standing seam metal roof
(Ali and Sensery, 2003)
Numerical investigations were executed by El Damatty et al. (2003) to investigate the structural
behaviour of the clips and seams of the SSMR system under uplifting wind load. A finite element
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model of tested SSMR system at Mississippi State University was developed where the purlins
were modeled using beam elements, and the seams were modeled as continuous spring systems
having a horizontal component (𝐾𝑥 ) simulating the stiffness provided by the seam in the transverse
in-plane direction of the panel, and a rotational component (𝐾𝜃 ) simulating the rotational stiffness
provided by the seam about the longitudinal in-plane axis of the panel. The clips were simulated
as discrete vertical springs having stiffness 𝐾𝑣 . The equivalent spring system is shown in figure
2-11. According to their results, the clip behaviour is linear until the clip tap slippage starts to
occur and the pressure load at which the seam starts to behave nonlinearly is lower than the
ultimate capacity of the clips. They concluded that clips act like flexible supports for the roof and
carry about 68.8% of the total load applied on the roof (El Damatty et al., 2003).

Figure 2-11: Equivalent spring system used in finite element model of MSU standing seam
metal roof (El Damatty et al., 2003)

Focusing on the roof system failure which initiates at the boundaries of the roof, Dabas (2013)
used finite element software ABAQUS to model the overall roof edge system. By simulating the
components as shell elements and applying uniform pressure, the deflection of the roof
components under uniform pressure was modeled and compared with experimental measurements
conducted by Alassafin (2013).
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2.3

Summary

Several past studies focused on the performance of the standing seam metal roof system under
more realistic wind loads by considering spatial and temporal variation of wind pressures.
Different methods were developed for applying pressure on the building surfaces. Using
BRERWULF set-up to apply uniform time-varying pressures on a specimen, Prevatt et al. (1995)
investigated load transfer mechanisms on the SSMR system by defining influence surface of clip
reactions. Sinno et al. (2001) used electromagnet drivers for applying non-uniform dynamic wind
loads on a standing seam metal roof system at Mississippi State University (MSU). The applied
load for both of these experiments did not represent the realistic wind load on a SSMR system.
Farquhar et al. (2005) applied uniform and dynamic wind loads on the model-scale of MSU
standing seam metal roof and defined an analytical model of clip reaction influence functions.
Although conducting model-scale wind tunnel experiments provides the chance for applying more
realistic wind loads on the surfaces of a building but it prevents to consider the performance of all
the details of the roofing system.

Conducting measurements on a full-scale specimen provides the chance to consider the influence
of boundary conditions on load sharing and induced loads on roof components. Morrison and
Reinhold (2015) investigated the performance of a standing seam metal roof system with its actual
dimensions and boundary conditions under realistic wind load at the full-scale wind tunnel at
IBHS. It should be noted that IBHS experiments provided data on both external wind loads and
clip reactions without occurrence of the roof failure. For current study, replicating the same SSMR
system as IBHS experiments at Insurance Research Lab for Better Homes (IRLBH), provided the
opportunity to investigate the performance of the roof components, load sharing among them and
the influence of panel deformation on load sharing.
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3

Experimental approach and methods

3.1 Pressure Loading Approach

The approach used in a wind tunnel is to control wind speed, direction and the wind characteristics.
When the wind blows on a structure, it creates a surface pressure distribution, which varies with
location on the building surface and with time. Another approach is to apply the pressure field
directly to the building surface. In other words, it is the effects of the wind that are replicated. The
pressure field,𝑃 (𝑥, 𝑦, 𝑧, 𝑡), which can be obtained from full-scale or model-scale measurements,
is applied directly to building surface through the pressure chambers.

As mentioned earlier, Building Research Establishment (BRE) developed an air pressure valve
system to apply uniform fluctuating air pressure within a test chamber. The pressure loading
actuator used as the loading system for current experiments at Insurance Research Lab for Better
Homes (IRLBH) was designed by Cambridge Consultants Ltd, Cambridge, U.K. under the
supervision of UWO. Figure 3-1 depicts an isometric view from the computer-aided design model
of a single pressure loading actuator (PLA) unit with its major components. The required pressure
rise and flow rates are generated by a blower (fan) while a rotating disk inside the valve, controlled
by a servomotor, is used for regulation of applied pressure. A pressure transducer connected to the
PLA is used for monitoring the pressure inside each pressure chamber.

For a structural surface covered by several pressure chambers, in order to have an accurate
simulation of overall structural load on the surface, each PLA has to have high accuracy. The
technical challenge to have an accurate loading system is to ensure that an individual PLA follows
a particular pressure trace with particular temporal variation despite airbag leakage. Thus, the
airbag system is required to be at least nominally air-tight with leakage only through building
surface (e.g., cracks). The side walls of the pressure chamber must be flexible to allow for
deformations and displacements of the building surface under the applied load while the reaction
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frames, to which the “lids” of the airbags are connected, must have negligible deflection (Kopp et
al. 2010).

Figure 3-1: Three-dimensional assembly drawing of pressure loading actuator
(Kopp et al., 2010)

The spatial variations of the pressure field can be captured by running several pressure loading
actuators (PLAs), and this introduces another technical challenge which is controlling several units
operating simultaneously. The maximum pressure which can be applied depends on the fan power
and leakage in the cladding system. Due to the presence of the standing seams, attaching the
airbags to the roof surface and providing an air-tight chamber was a challenge, as described below.
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3.2 IRLBH standing seam metal roof (SSMR) system details

In order to investigate the performance of single-ply metal roof under negative wind pressure, a
full-scale replica of the Insurance Institute for Business and Home Safety (IBHS) experiments
standing seam metal roof system was built in the Insurance Research Lab for Better Homes
(IRLBH) of the University of Western Ontario. Figure 3-2 shows a photograph of the metal roof
panels during the installation process, with large reaction-frame members surrounding it.

The tested standing seam metal roof at IBHS had the dimension of 9.1𝑚 by 13.7𝑚 (30𝑓𝑡 x 45𝑓𝑡)
with a total of 158 installed clips. Tested SSMR system at IBHS included Aluminum panels with
a width of 0.61 𝑚 (2𝑓𝑡) with the exception of one 0.3 𝑚 (1𝑓𝑡) panel in the middle to maintain the
symmetry of the roof panels. For current experiments at IRLBH, due to smaller available lab space,
the replicated roof has the size of 9.1𝑚 by 11.3𝑚 (30𝑓𝑡 x 37𝑓𝑡), which altered the total number
of installed clips to 130. The same trapezoidal standing seam metal roof system tested in IBHS,
was used in these experiments. Despite the smaller size of the roof, the arrangement of panels
remained the same as IBHS experiments with 18 metal panels with a width of 0.61 𝑚 (2𝑓𝑡) and
one panel with 0.3 𝑚 (1𝑓𝑡) width. Figure 3-3 shows the profile of tested SSMR panels with the
length of 4.3 𝑚 (14𝑓𝑡 ) and thickness of 0.76𝑚𝑚 (0.03𝑖𝑛). It should be noted that the tested roof
system for these experiments is designed and provided by the NCI Building Systems. All the
technical details of installation of “Double-Lok” roof panels which were used for the tested SSMR
system can be found in the manual provided in MBCI website. As mentioned before at each
location where two panels meet and cross a purlin, a clip was attached. Locations of 130 clips are
shown in figure 3-4. In order to have an easier comparison with IBHS data, clips are numbered
based on IBHS tests. Figure 3-5a shows a schematic view of installed clip on a standing seam
metal roof. The typical method of clip installation is to screw clips to the purlins. But according to
IBHS experiments, this method was modified by drilling a 13mm hole through both the clip and
purlin and using a bolt to attach the clip to purlin as shown in figures 3-5b and 3-5c
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Figure 3-2: Installation of the reaction frame and standing-seam-metal roof panels at
IRLBH

Figure 3-3 : Typical section of tested SSMR system at IRLBH
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Figure 3-4: Locations of 130 installed Clips and seams on SSMR system tested at IRLBH

Figure 3-5: (a) Schematic view of installed clip on SSMR (b) Modified clip installed on
tested SSMR at IRLBH (c)Attaching clip to the purlin using a bolt
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Figure 3-6 shows different closure components installed at the ridge and edges of the standing
seam metal roof and a schematic view of used cladding fasteners is shown in figure 3-7. Figure 31

1

8 shows the installation of panels using fasteners of 4 " − 14 × 1 4 ″ driller type. This numerical
designation provides a physical description of the fastener. The first number is the diameter of the
screw while the second number refers to the number of threads per inch. The last number is the
length of the fastener from the underside of the head to the endpoint

Figure 3-6: Different closure components installed on SSMR (a) Back-up plate (b) Eave
plate (c) Metal inside closure

Figure 3-7: Schematic view of used cladding fasteners on standing seam metal roof system

As shown in figure 3-8a, six fasteners are used to attach each panel to the top of the eave plate
while two fasteners attach the rib to the inside closure component as shown in figure 3-8c. It can
be observed from figure 3-8d, a fewer number of fasteners used to attach eave plate to the purlin
compared to the ones used to attach panels to eave plate is noticeable. Figure 3-9 depicts a closer
view of fasteners used for attaching eave plate to the purlins. At the corner of the roof, three
fasteners are used with the space of about four inches. Space increases to 0.61 𝑚 (2𝑓𝑡) along the
edge of the roof.
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Figure 3-8: (a) Installed panels of SSMR (view from above) (b) Attachment of panels on
top of the eave plate (c) Attachment of ribs to the inside closure components
(d) Attachment of eave plate to the edge of the roof

Figure 3-9: Close-up of fasteners used to attach eave plate to the purlin (a) along the edge
of the roof (b) at the corner of the roof
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Figure 3-10 depicts the attachment of the panel at the gable edge. A three-inch angle is attached to
the rib of the panel along the gable edge of the roof. The space between the fasteners and the edge
of the angle indicated as “d” in figure 3-10a, is about 0.4 inch. The spacing between fasteners
along the gable edge of the roof, shown in figure 3-10c, is about 0.61 𝑚 (2𝑓𝑡).

Figure 3-10: (a) Closure component at the gable edge of the roof (b) Attachment of
panels at the edge of the roof (c) Installed fasteners along the gable edge of the roof
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A schematic view of typical attachments at the gable edge of the roof is shown in figure 3-11. It
should be noted that typically, the panel attachment screw to the angle attaches horizontally to
ensure that the fastener is in pure shear. For the experiments conducted at IRLBH, since the focus
was on the induced load on clips, the set-up was modified, and the panels had a higher than the
usual offset from the purlin top flange. As a result, as shown in figure 3-10a, the fastener had an
angle. Also, as it can be observed in figure 3-11, it is typical to install a rake trim which covers the
attachments along the gable edge. That is why in practice, the rake connection fastener is not a
critical failure location.

Figure 3-11: Schematic view of typical attachments at the gable edge of the roof

As shown in figure 3-12, a back-up plate is attached to each panel under the ridge cap in order to
support the ridge fasteners. It can be observed in figure 3-12b that panels cross the purlins and
cover the back-up plate.
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Figure 3-12: (a) Installed back-up plate under ridge cap (b) Attachment of panels to the
back-up plate at the ridge of the roof (c) Installed fasteners at the ridge of the roof

3.3 Test set-up
3.3.1

Application of wind pressure on the standing seam metal roof
system

Unlike common standardized product tests in North America which do not account for the effects
of dynamic wind fluctuation (Baskaran and Dutt, 1997), by using full-scale pressure loading
approach, not only spatial and temporal variation of net wind loads are considered but also by
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having real perimeter conditions and specimen size, the influence of panel deformation on load
sharing can be investigated.

In order to capture the spatial variation of pressure distribution on the roof surface, different sizes
of airbags were installed. Figure 3-13 shows the installation of pressure chambers on the roof. Four
reaction frames were installed perpendicular to the ridge of the roof to hold eight sub-frames on
each side of the roof. As shown in figure 3-13b, the lids of pressure chambers were attached to the
sub-frames. As mentioned before, the sidewalls of the pressure chamber are flexible to allow for
displacements of the building surface under the applied pressure, but as observed from figure
3-13c, the sidewalls of two adjacent airbags were hooked together to control the deformation of
sidewalls. The sidewalls of airbags were attached to the surface of the roof using glue and later
on, to prevent leakage, all around the airbags attaching to the roof were taped one more time. It
can be observed in figure 3-13c that there are gaps between the lids of the pressure chambers, but
these gaps are smaller on the surface of the roof where sidewalls are attached.

Setting up pressure loading actuators is shown in figure 3-14. The sizes of pressure chambers were
based on several constraints, which included the basic design of the pressure-control system, the
actual plan dimensions of the roof, and the panel width. For these experiments, 24 airbags of four
different sizes were installed on each half of the roof. By measuring these gaps on the surface of
the roof, the actual dimensions of the area which affected by each pressure chamber are calculated
and provided in table 3-1. Figure 3-15 depicts a sketch of the layout of the pressure chambers on
the roof.
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Figure 3-13: Installing pressure chambers (a) Reaction frame above the roof (b)
Attaching lids of the pressure chambers to the reaction frames (c) A close-up of the
attached airbags to the reaction frames
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Figure 3-14: Setting up the Pressure Loading Actuators (PLA), which can be seen in the
photograph on the left, while a close-up of the lid, with a hose used to transmit the
pressure from the PLA to the pressure chamber, is on the right

Table 3-1: Dimensions of the installed pressure chambers

Pressure Chamber Type

Actual Dimensions

Nominal Dimensions

1 m x 0.88 m

1.05 m x 0.92 m

(3.3 ft x 2.9 ft)

(3.44 ft x 3 ft)

1 m x 1.2 m

1.05 m x 1.22 m

(3.3 ft x 3.9 ft)

(3.44 ft x 4 ft)

1 m x 1.8 m

1.05 m x 1.83 m

(3.3 ft x 5.9 ft)

(3.44 ft x 6 ft)

1 m x 2.4 m

1.05 m x 2.44 m

(3.3 ft x 7.9 ft)

(3.44 ft x 8 ft)

1

2

3

4
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Figure 3-15: Locations of 24 pressure chambers of four different size
on each side of the roof
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3.3.2

Measuring induced load on installed clips

One of the common force-measuring devices is strain-gage load cell (Wheeler and Ganji, 2010).
When the load is applied, the strain changes the electrical resistance of the gauges in proportion to
the load, and the applied load is converted into electrical signals. Similar to IBHS experiment, for
experiments at IRLBH, measurements of the clip reactions were made with S-shape load cells
which measure forces in one direction. S-shape load cells can be used in both compression and
tension (Wheeler and Ganji, 2010). A typical S-shape load cell is shown in figure 3-16. For these
experiments, due to insufficient numbers of load cells, it was not possible to install load cells on
all the clips at the same time. For any test, only up to 51 load cells could be used simultaneously
to measure clip reactions. In order to measure all 130 clip locations, the load cells were needed to
be repositioned depending on which part of the roof is tested.

Figure 3-16: Typical S-shape load cell used for measuring load in one direction

As mentioned before, the same as IBHS experiments, in order to be able to install load cells on the
clips, the typical method of installation of clips was modified. A 6mm spacer was located between
clip and purlin to ensure that the clips would not be touching the surface of the purlin. The spacers
were removed once the load cells were installed and since the clip was elevated above the purlin,
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it was certain that all the induced load on clip would measure by load cell without transferring
partially to the purlin. Figure 3-17a shows an installed clip without load cell. As shown in figure
3-17b, in order to install load cell on the clip, as the spacer was removed, the bolt would be used
to connect load cell to the clip. Two screws were used to attach the bracket, which was used to
hold the load cell, to the purlin. Figure 3-18 depicts a clip with an installed load cell.

Figure 3-17: (a) Clip without installed load cell (b) Unattached clip to the purlin

Figure 3-18: (a) Clip with an installed load cell (b) Installed bracket used to hold load cell
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3.3.3

Applying concentrated load on SSMR system

As mentioned above, structural responses of a standing seam metal roof can be related linearly to
pressure distribution via influence surfaces. Thus, the induced load on clips can be obtained as;

𝐹𝑈 (𝑡) = ∫ 𝑃(𝑥, 𝑦, 𝑡) 𝐼 (𝑥, 𝑦) 𝑑𝐴

(13)

𝐴

where 𝐹𝑈 is uplift force, 𝑃(𝑥, 𝑦, 𝑡) is spatially and temporally varying pressure and 𝐼 (𝑥, 𝑦) is
influence function for the given element. For metal roofs, the influence function is dependent on
the panel details and the underlying component system; yet it is not clear for cladding elements
mainly because they have relatively small tributary areas and ill-defined load paths, particularly as
they deform.

By definition, the influence function, 𝐼 (𝐴, 𝐵), represents the reaction at an observation point, 𝐴,
associated with the concentrated unit load applied at a source point, 𝐵. For clip reactions on SSMR,
by measuring the induced load on each clip produced by single point load at a series of locations
on the roof, it is possible to determine the relative effects of position of an applied load and the
load transfer from each position. Figure 3-19 depicts the location of clips and applied concentrated
loads on the SSMR system. As an example, in order to measure the influence function of clip𝐴,
the concentrated load was applied on the point 𝐵𝑖 (𝑖 = 1 − 20). Influence function of reaction at
clip𝐴 can be represented as a matrix which each element of it is called influence coefficient. Since
𝐼(𝐴, 𝐵) represents reaction associated with the applied concentrated unit load, at each location
(𝐵𝑖 ), the ratio of the induced load on clip𝐴 to the applied load is considered as influence coefficient.

50

Figure 3-19: Schematic plot of clips (squares), and point load application locations

Application of concentrated load on the metal roof is shown in figure 3-20. As it can be seen, a
bottle jack is used to apply load, and by installing S-shape load cell on top of it, the amount of
applied load is measured simultaneously. It should be noted that as can be seen in figure 3-20, the
concentrated load is not an actual point load but a spatial average over a small area of about
0.04 𝑓𝑡 2 . The foam on top of the jack was shaped to match the locations of load application on the
seams.

Figure 3-20: Applying the concentrated load on the standing seam metal roof system
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3.4 Validation of pressure loading and response measurement of
the SSMR system

The magnitude of the applied load on the standing seam metal roof can be calculated to the applied
pressure via the pressure chambers with certain tributary areas. Depending on the tests conducted
on the standing seam metal roof, load cells can be installed on different parts of the roof. Figure
3-21 depicts the locations of clips with installed load cells on one side of the roof.

Figure 3-21: Locations of 50 clips with installed load cells
(red squares) on one side of the roof
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As mentioned before, the pressure chambers were designed to apply uplift load on the surface of
the roof, and the clips were elevated above the purlins to make sure that all the transferred load to
each clip is measured by the installed load cell. When the roof is subjected to pressure distributions,
part of the load transfers to the edges of the roof. Thus, to validate load measurements using
installed load cells, only interior pressure chambers were used for applying the pressure. Figure
3-22 depicts the locations of used pressure chambers.

Figure 3-22: Locations of 6 interior pressure chambers used to apply uniform wind load
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Figure 3-23 depicts the applied uniform suction on the roof using six pressure chambers while
induced clip loads were measured using installed load cells on 50 clips. It should be noted that by
removing the induced clip reactions due to the weight of panels, only induced wind loads on clips
are considered. Considering pressure of 600 𝑃𝑎 (12.5 𝑝𝑠𝑓) which was applied on the area covered
by six pressure chambers, the total applied load on the roof can be calculated, and the summation
of measure induced loads on 50 clips provides the total measured load using 50 installed load cells.

Figure 3-23: Applying 600 𝑷𝒂 (12.5 psf) using 6 airbags in the middle of the roof and
measured induced load on 50 clips

The comparison between the total applied load and the total measured load is shown in figure 324. It should be noted that although negative pressure was applied to the roof system, the sign of
pressure data was changed to be consistent with the measured load data.
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Figure 3-24: Comparison between total applied load (black line) and total measured load
(red line) as uniform wind pressure was applied on the interior part of the roof

The ratio of the measured load on each clip to total applied load is calculated for each clip and
provided in table 3-2. Figure 3-25 shows the change of this ratio for each clip. It can be observed
that these ratios remain constant for each clip during the time of applying pressure. The summation
of these ratios shows how much of the applied load on the standing seam metal roof is measured
by installed load cells. Based on the results presented in table 3-2, it can be seen that
99.93 ± 0.15% of the total applied load on the roof is measured by installed load cells.

55

Figure 3-25: Change of load ratio (clip reaction / Total applied load) for each clip

Table 3-2: Mean values of clip load ratios as uniform load is applied using 6 interior
pressure chambers
Clip #
90
89
88
87
86
85
84
83
82
81
80
79

Ratio
%
0.02
0.47
0.95
1.27
0.92
1.52
1.53
1.41
1.54
1.04
0.89
0.56

Clip #
112
111
110
109
108
107
106
105
104
103
102
101

Ratio
%
0.34
3.96
3.51
3.26
3.34
2.81
3.16
3.36
3.49
3.41
-0.34
-0.55

Clip #
134
133
132
131
130
129
128
127
126
125
124
123

Ratio
%
-0.08
4.01
4.36
2.91
3.85
2.7
3.29
5.0
4.57
4.28
-0.48
-0.37

Clip #
156
155
154
153
152
151
150
149
148
147
146
145

Ratio
%
0.06
1.0
1.21
2.96
2.93
3.45
2.92
2.2
2.19
2.77
0.81
0.34

Clip #
158
157

Ratio
%
0.39
0.79
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The fact that all the applied load on the interior part of the roof was measured by the installed load
cells indicates a few points which can be summarized as:



Enough load cells are installed to capture induced load on that part of the roof.



S-shape load cells measure load in one direction; thus, it can be concluded that clip
reactions are in the vertical directions.



It is validated that by elevating clips above the purlins, all the clip reactions are
measured by installed load cells, and there is no load transferring to the purlins.

57

4

Wind load sharing on standing seam metal roof

As mentioned in the first chapter, these experiments are concentrated on understanding the load
sharing among the components of SSMR system. In section 3.4, it is validated that all the induced
load on the standing seam metal roof is captured by the installed load cells when wind pressure is
applied to the interior part of the roof. However, as the roof is subjected to wind pressure
distributions, part of the wind load transfers to the edges and the ridge which brings up several
questions:



How much of the applied load on the standing seam metal roof transfers to the gable
and eave ends of the roof?



How much of wind load transfers to the ridge of the roof?



Is there any load transfer to the other side of the roof?



How does the magnitude of applied load affect the induced clip reactions?



What is the influence of panel deformation under high pressures on the induced clip
reactions?

Several experiments were conducted to answer these questions.

4.1 Wind load transferring to the edges and ridge of the roof

In order to investigate load transfer to the edges of the roof, measurements were conducted on
three different parts of the roof as shown in figures 4-1 to 4-3. Considering the locations of installed
load cells, as the first experiment, sixteen pressure chambers were used for applying the wind load.
Then, by focusing on load transfer to the edge, only pressure chambers beside the edges were used
for load application. The third experiment was focused on the interior parts, ignoring the gable and
eave ends of the roof.
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Figure 4-1: Locations of 50 clips with installed load cells (red squares) on one side of the
roof and sixteen pressure chambers used for applying uniform pressure

Figure 4-2: Locations of 50 clips with installed load cells (red squares) on one side of the
roof and pressure chambers used for applying uniform pressure beside the edges
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Figure 4-3: Locations of 50 clips with installed load cells (red squares) on one side of the
roof and nine pressure chambers used for applying uniform pressure

By applying 300 𝑃𝑎 on the area covered by sixteen pressure chambers (shown in figure 4-1), the
total applied load on the roof can be calculated and the summation of measure induced loads on
50 clips provides the total measured load using installed load cells. The comparison between the
total applied load and the total measured load is shown in figure 4-4. The ratio of the measured
load on each clip to total applied load is calculated for each clip and provided in table 4-1.
Considering the summation of these ratios, for this case, the total measured load on 50 clips is
74.9 ± 0.08 % of the applied load. Considering the fact that about 75% of applied load is measured
by load cells, it can be concluded that 25% of load transfers to other parts of the roof. On the other
hand, as indicated in section 3-4, enough load cells were installed to capture applied load using six
interior pressure chambers, thus, the possibility of load transfer to the interior part of the roof where
no load cells are installed on the clips can be declined.
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Figure 4-4: Comparison between total applied load (black line) and total measured load
(red line) as uniform wind pressure was applied using 16 pressure chambers

Table 4-1: Mean values of clip load ratios as uniform load is applied using 16 pressure
chambers
Clip #
90
89
88
87
86
85
84
83
82
81
80
79

Ratio
%
0.86
1.56
1.61
1.63
1.76
1.5
1.61
1.84
1.71
1.46
0.57
0.26

Clip #
112
111
110
109
108
107
106
105
104
103
102
101

Ratio
%
3.17
3.01
2.34
1.99
2.49
2.06
1.84
2.04
2.1
1.97
-0.23
-0.19

Clip #
134
133
132
131
130
129
128
127
126
125
124
123

Ratio
%
2.03
1.55
2.11
1.84
2.2
1.68
2.14
1.67
2.0
2.0
0.0
-0.08

Clip #
156
155
154
153
152
151
150
149
148
147
146
145

Ratio
%
0.8
1.11
1.4
1.43
1.7
1.79
1.2
1.89
1.98
1.67
0.24
0.17

Clip #
158
157

Ratio
%
0.65
0.73
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According to the results, as wind load is applied on the part of the roof covered by sixteen pressure
chambers, about 25% of applied load transfers to the ridge and edges of the roof. As the next step,
to investigate how much of the applied load is transferred to the edges of the roof, only pressure
chambers close to gable and eave ends were used to apply 500 𝑃𝑎. Considering the locations and
areas of used pressure chambers shown in figure 4-2, the total applied load on that part of the roof
can be calculated. The mean value of the load ratio for each clip is presented in table 4-2. By
applying pressure using pressure chambers close to the edges, the amount of measured load was
about 62.6 ± 0.12% of the applied load. Figure 4-5 depicts the comparison between the total
applied load and the total measured load.

It should be noted that although the clips close to the edges take most of the applied load, there are
induced load on the clips in the middle of the roof too. Also, it can be observed that installed clips
on the other end of the seam close to the ridge experience compression. These observations cannot
be explained by the use of geometric tributary areas of clips.

Table 4-2: Mean values of clip load ratios as uniform load is applied using pressure
chambers close to the edges
Ratio
Ratio
Ratio
Ratio
Clip #
Clip #
Clip #
Clip #
Clip #
%
%
%
%
2.65
8.08
6.15
3.47
90
112
134
156
158
0.87
1.07
1.41
2.1
89
111
133
155
157
0.03
0.37
2.17
1.15
88
110
132
154
-0.12
0.87
0.7
2.36
87
109
131
153
-0.06
0.54
1.43
3.02
86
108
130
152
-0.12
0.6
1.29
2.41
85
107
129
151
-0.23
0.54
1.01
2.36
84
106
128
150
-0.05
0.26
2.46
1.1
83
105
127
149
-0.16
0.33
1.34
3.08
82
104
126
148
-0.08
0.26
0.9
2.93
81
103
125
147
-0.02
0.08
0.07
0.28
80
102
124
146
-0.03
-0.07
-0.06
0.29
79
101
123
145

Ratio
%
2.07
1.69
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Figure 4-5: Comparison between total applied load (black line) and total measured load
(red line) as uniform wind pressure was applied using pressure chambers close to the
edges of the roof
The next case was focused on the transferred load at the middle of the roof. Thus, as shown in
figure 4-3, nine pressure chambers were used for applying 600 𝑃𝑎 uniform pressure. The ratio of
the measured load on each clip to total applied load is calculated for each clip and provided in
table 4-3. According to the results, by applying pressure using nine pressure chambers, the ratio
of the total measured load to the total applied load is 93.3 ± 0.06 %. The comparison between the
total applied load and the total measured load is shown in figure 4-6.

Considering the fact that the parts of the roof close to the edges are not subjected to the pressure,
and enough load cells are installed in that area to measured induced clip reactions, the only
possibility would be load transferring through the ridge. The next experiments were conducted to
investigate the transferring of load to other side of the roof and the influence of magnitude of the
applied load on the induced clip reactions.
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Table 4-3: Mean values of clip load ratios as uniform load is applied using 9 pressure
chambers
Clip #
90
89
88
87
86
85
84
83
82
81
80
79

Ratio
%
0.14
2.12
2.74
2.86
2.46
2.4
3.04
1.83
2.83
2.13
0.97
0.54

Clip #
112
111
110
109
108
107
106
105
104
103
102
101

Ratio
%
0.26
3.61
3.46
3.33
3.81
3.24
2.84
3.37
3.12
3.13
-0.49
-0.56

Clip #
134
133
132
131
130
129
128
127
126
125
124
123

Ratio
%
0.1
2.73
3.06
2.2
2.72
2.14
2.53
3.5
3.07
3.1
-0.03
-0.12

Clip #
156
155
154
153
152
151
150
149
148
147
146
145

Ratio
%
0.06
0.9
0.62
1.92
2.0
2.33
2.13
1.34
1.35
1.84
0.61
0.25

Clip #
158
157

Ratio
%
0.25
0.51

Figure 4-6: Comparison between total applied load (black line) and total measured load
(red line) as uniform wind pressure was applied using 9 pressure chambers
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4.2 Wind load transferring through the ridge of the SSMR
system

In order to investigate load transfer through the ridge, two different cases were considered. For the
first set-up, as shown in figure 4-7, six pressure chambers were used to apply pressure while all
the load cells were installed on one side of the roof. For the next set-up, using the same pressure
chambers for applying pressure, some of the load cells were moved to other side of the roof to
measured induced clip reactions on other side as shown in figure 4-8.

Figure 4-7: Locations of 50 clips with installed load cells (red squares) on one side of the roof and
six pressure chambers used for applying uniform pressure (set-up #1)

65

Figure 4-8: Locations of clips with installed load cells on both sides of the roof and six airbags
used for applying pressure (set-up #2)

In order to investigate how the magnitude of applied load affects the amount of induced clip loads,
considering the set-up shown in figure 4-7, uniform wind load was applied on the roof system
which differed in the range of 300 𝑃𝑎 to 600 𝑃𝑎. A comparison between total applied load on the
roof and the total induced load on 50 clips on one side of the roof is shown in figure 4-9.
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Figure 4-9: Comparison between total applied load (black line) and total measured load
(red line) using 50 clips installed on one side of the roof as uniform wind pressure was
applied using six pressure chambers

Considering the first set-up shown in figure 4-7, the total applied load on the roof using six pressure
chambers, and induced load on each clip are shown in figures 4-10a and 4-10b respectively. By
calculating the ratio of induced load to total applied load for each clip, as observed in figure 4-10c,
the ratio of induced reaction for each clip remains constant as the magnitude of applied pressure
increases. The mean value of the load ratio for each clip is calculated and provided in table 4-4.
Considering the summation of these ratios, for this case, the total measured load on 50 clips
is 94.1 ± 0.1 % of the applied load.
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Figure 4-10: (a) Total applied load on six pressure chambers (b) Induced load on each
clip (50 clips on one side of the roof) (c) Change of load ratio (clip reaction / Total applied
load) for each clip

Table 4-4: Mean values of clip load ratios as uniform load is applied using 6 pressure
chambers
Ratio
Ratio
Ratio
Ratio
Clip #
Clip #
Clip #
Clip #
Clip #
%
%
%
%
0.41
0.43
0.27
0.15
90
112
134
156
158
3.72
6.56
5.13
2.0
89
111
133
155
157
4.43
6.49
5.69
1.01
88
110
132
154
4.65
6.83
4.32
3.26
87
109
131
153
3.65
7.56
5.76
2.73
86
108
130
152
3.25
6.48
4.63
3.3
85
107
129
151
2.26
-1.13
-0.52
1.02
84
106
128
150
0.93
-1.15
-0.2
0.1
83
105
127
149
0.58
-0.82
-0.31
0.29
82
104
126
148
0.4
-0.61
-0.19
0.17
81
103
125
147
0.24
-0.35
-0.11
0.13
80
102
124
146
0.22
-0.26
0.03
0.05
79
101
123
145

Ratio
%
0.37
0.75
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According to these results and also the case mentioned in section 4.1, where nine pressure
chambers beside the ridge were used for applying pressure, about 6-7 % of applied load is missing.
Thus, as the next step, by moving some of the load cells to other side of the roof as shown in figure
4-8, transferring load through the ridge and how other side of the roof would be affected were
investigated.

The ratio of the measured load on each clip to total applied load is calculated for each one and
provided in table 4-5. Considering the locations of installed load cells, it can be observed that about
92 ± 0.33 % of the applied load on the roof was measured and only 1 ± 0.08 % of applied load
was measured by load cells on other side of the roof. It can be concluded that although part of the
load transfers to the installed back-up plates and their attachments and might distributes along the
ridge, it does not transfer to other side of the roof. Thus, the performance of both sides of the roof
can be investigated separately.

Table 4-5: Mean values of clip load ratios for clips located on both sides of the roof
Clip
#
46
45
44
43
42
41
40

Ratio
%
-0.03
0.03
0.05
0.08
0.1
0.08
0.07

Clip
#
68
67
66
65
64
63
62

Ratio
%
0.11
-0.14
0.01
0.13
0.2
0.1
0.01

Clip
#
90
89
88
87
86
85
84
83
82

Ratio
%
0.48
3.45
4.47
4.01
3.88
3.04
2.14
0.86
0.55

Clip
#
112
111
110
109
108
107
106
105
104

Ratio
%
0.42
6.93
6.89
6.03
6.78
5.6
-1.01
-1.06
-0.82

Clip
#
134
133
132
131
130
129
128
127
126

Ratio
%
0.24
5.45
6.04
3.83
5.09
4.06
-0.51
-0.23
-0.3

Clip
#
156
155
154
153
152
151
150
149
148

Ratio
%
0.2
1.95
1.03
2.83
2.54
3.03
1.0
0.65
0.24

Clip
#
158
157

Ratio
%
0.37
0.66
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4.3 Influence of panel deformation on load sharing
4.3.1

SSMR system subjected to dynamic pressure

As indicated in the previous section, when the applied wind load on the SSMR system is not high,
the proportion of the applied load which transfers to each clip remains constant, and the clip
reactions can be connected to applied pressure linearly. In order to investigate how load sharing
on SSMR changes as the roof is subjected to high dynamic pressure and extreme panel
deformations occur, pressure distributions with different magnitudes were applied on the roof.
Figure 4-11 depicts the locations of used pressure chambers and 50 clips with installed load cells.

Figure 4-11: Locations of clips with installed load cells (black square) and used pressure
chambers for applying dynamic pressure

For these set of experiments, five different pressure distributions were applied to the SSMR
system. Full-scale wind tunnel measurements were used for calculating the pressure distribution
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on each pressure chamber and are introduced as case #1. Other pressure distributions were defined
by multiplying pressure distributions of case #1 by 2, 4, 5, and 6. Time histories of applied load
are shown in figure 4-12, and statistical properties of total applied loads for five different cases are
presented in table 4-6. The induced loads on all 50 clips were measured, and the total proportion
measured load for each case is presented in table 4-7.

Table 4-6: Mean value and standard deviation of total applied load for different cases of
failure test

Mean
Standard
deviation

Case #1

Case #2

Case #3

Case #4

Case #5

1028.40

1968.90

3810.50

4770.40

5467.80

329.72

557.35

951.64

1137.60

1289.70

Figure 4-12: Total applied dynamic load ; Case #1 (red line) Case #2 (blue line)
Case #3 (green line) Case #4 (black line) Case #5 (yellow line)
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Table 4-7: Total proportion of load measured by installed load cells

Percentage of applied load

Case #1

Case #2

Case #3

Case #4

Case #5

73%

72%

66%

61%

59%

Although induced load on all 50 clips were measured but considering the locations of used pressure
chambers, only changes of induced loads on 14 clips installed within that area are discussed, and
the change of induced load ratio for each clip is presented in figure 4-13.

Figure 4-13: Change of percentage of each clip reactions compared to total applied load
Case #1 (red line) Case #2 (blue line) Case #3 (green line) Case #4 (black line)
Case #5 (yellow line)
In figure 4-13, the red line represents the proportion of induced load on clips for case #1 with the
lowest mean pressure, and yellow line represents the proportion of induced load for case #5 with
the highest mean pressure. Considering the clips which are installed along one standing seam, it
can be seen that as the panels deform under higher pressure distributions, the amount of the
transferred load to the clips in the middle of the roof decreases while the load distributes along the
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standing seams and more loads transfer to clips located at two ends of the standing seams. In other
words, as the panels deform, load redistributes long-wise and load transfer across the panels
decreases. This observation emphasizes the fact that the edges of the roof perform differently under
high suctions and clips located near the eave edge (perpendicular to the standing seams) should be
designed for higher wind load.

4.3.2

SSMR system subjected to uniform static pressure

In order to have a better understanding of changes in load sharing under high pressures and due to
the panel deformation, part of the roof was subjected to ramp pressure. Figure 4-14 depicts the
locations of used pressure chambers for applying pressure. Figure 4-15 shows the total measured
load on 50 clips with installed load cells and the total applied load on the roof when the uniform
pressure of 600 𝑃𝑎 was applied using these four pressure chambers.

Figure 4-14: Locations of clips with installed load cells (black square) and used pressure
chambers
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Figure 4-15: Comparison between total applied load (black line) and total measured load
(red line) using 50 clips installed on one side of the roof as uniform wind pressure of
600 𝑷𝒂 (12.5 psf) was applied using four pressure chambers

Under uniform pressure of 600 𝑃𝑎 (12.5 psf), the ratio of total induced load on clips to total applied
load remains constant, and it is about 79%. As the next step, applied uniform pressure on four
pressure chambers was increased linearly up to 6.5 𝑘𝑃𝑎 until permanent deformation of panels
occurred as shown in figure 4-16. Figure 4 -17 depicts the change of total measured clip reactions
compared to the total applied load. It should be noted that due to leakage of two pressure chambers
as the applied pressure reaches to about 5 𝑘𝑃𝑎, the rate of increasing of total applied load
decreases.

As mentioned before, when there is no permanent deformation of panels, and there is a linear
relationship between applied load and induced clip loads, about 79% of applied load is measured
by installed load cells. Figure 4-18 depicts the changes of this ratio as applied pressure increases

74
and permanent deformation of panels occurs. It can be observed that as the applied pressure
increase, the total amount of the load measured by load cells decrease by about 22 %.

Figure 4-16: Applied pressure up to 6.5 kPa (136 psf)
on four pressure chambers along the seam

Figure 4-17: Comparison between total applied load (black line) and total measured load
(red line) using 50 clips installed on one side of the roof as ramp pressure up to 6.5 kPa
(136 psf) using four pressure chambers along the seam
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Figure 4-18: Change of the proportion of total induced clip reactions to total applied load

As mentioned in the first chapter, the common failure mode observed during uniform pressure
tests is the slippage of the clips. On the other hand, as shown in figure 4-18, great displacements
of standing seam metal roof under high uplift pressure results in variations of load distribution
among roof clips and more loads transfer to the boundaries of the roof. Thus, it can be concluded
that standard test methods do not represent the realistic failure mode of tested standing seam metal
roof and its load capacity. As mentioned before, S-shape load cells only measure load in one
direction, and it was shown that under low pressure, the reactions of clips installed on the tested
standing seam metal roof are in the vertical direction. However, as the panels deform under high
pressures and standing seams start to open up, it is possible that rotation of the standing seams
leads to non-vertical resultant force on the clips and thus, not all the induced loads on the clips are
measured by the installed load cells. The deformation of panels and clips under applied uniform
pressure are presented in figures 4-19 and 4-20. It can be observed that despite the considerable
deformation of panels, clips remain attached to the purlins.
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Figure 4-19: Deformation of panels as the SSMR was subjected to ramp pressure

Figure 4-20: Clips affected by deformation of panels

Consider the clips which are installed within the area covered by used pressure chambers as shown
in figure 4-14. The changes of the ratio of induced clip reactions to the total applied load for clips
installed along the ridge of the roof are shown in figure 4-21. The changes of the ratio of induced
clip reactions to the total applied load for clips installed in the middle of the roof and close to the
eave edge of the roof are presented in figures 4-22 and 4-23 respectively.
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Figure 4-21: Change of percentage of induced load on clips beside the
ridge compared to total applied load

Figure 4-22: Change of percentage of induced load on clips in the
middle of the roof compared to total applied load
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Figure 4-23: Change of percentage of induced load on clips close to the
eave of the roof compared to total applied load

It can be seen that due to the panel deformation, the proportion of the applied load which transfers
to the installed clips in the middle of the roof decreases while more load transfers to the clips close
to the edges of the roof. It should be noted that changes of the load transfer to the ridge of the roof
can be measured using installed load cells while no clips are installed at the eave edge of the roof.
This amount of change of the ratio of induced clip reactions to the total applied load does not
explain the amount of the reduction of total measured load on all clips. Thus, it can be concluded
that most of the applied load transfers to the boundaries of the roof. Figures 4-24 and 4-25 depict
the deformations at the eave edge and the ridge of the roof respectively.
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Figure 4-24: Deformation of panels at the eave end of the roof under high uniform pressure

Figure 4-25: Deformation of panels at the ridge of the roof under high uniform pressure
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As mentioned in section 3-2, the numbers of fasteners used for attaching eave plate to the purlin
are fewer compared to the numbers of screws that attached panels to the eave plate. As it can be
seen in the figure 4-24, under high pressure, although panels deform but they remain attached to
the eave plate while it is the gap between eave plate and purlin which increases. The fact that this
amount of the load transfers to the edges of the roof emphasizes the importance of boundary
conditions in the performance of the roof at limit state. It might not be an easy task to model the
performance of all the details at the boundaries of the roof, but it is important to able to consider
the influence of these boundary conditions on the performance of the clips and load sharing on the
roof.

4.4

Summary

Full-scale experiments at IRLBH provided the opportunity to test the performance of the SSMR
system with realistic dimensions and boundary conditions. By installing several pressure chambers
of different sizes, it was possible to apply pressure on specific parts of the roof and investigate the
load paths and load sharing among the clips by measuring clip reactions using S-shape load cells.
Although these tests could not investigate the performance of the fasteners at the boundaries of the
roof system, the influence of boundary restraints on the load sharing among the installed clips
could be investigated.

After validating the sufficiency of the numbers of the installed load cells on one side of the roof,
by applying uniform pressure on one part of the roof using sixteen pressure chambers, it was
observed that about 25% of induced wind load transfers to the edges of the roof. By eliminating
the parts of the roof close to the gable and eave ends of the roof and applying pressure on the
interior parts, it was observed that despite installing enough load cells to capture the induced load
on that area, about 7% of this load was not measured which suggests load transfer through the
ridge. By installing load cells on another side of the roof and applying pressure using the same
pressure chambers, it was observed that only about 1% of applied load was captured by installed
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load cells on another side of the roof. Thus, it can be concluded that although part of the wind load
transfers to the ridge of the roof, most of it distributes along the ridge, and therefore, the
performance of each side of the roof can be investigated separately.

It was also observed that for low wind pressures, the proportions of induced loads on clips installed
on SSMR remain constant as the roof is subjected to different magnitudes of wind pressures and
it is in agreement with previous studies including Sinno (2008) to consider a linear relationship
between pressure distributions and structural responses. However, as higher suctions occur on the
standing seam metal roof, due to the large deformation of the standing seam metal roof panels,
load sharing among the clips changes and more loads transfer to the fasteners at the boundaries of
the roof perpendicular to the seamlines on the panels while load transfer to the gable edge reduces.
As shown in section 4.3.2, as the applied uniform pressure increases, the ratios of induced clip
reactions change linearly. In order to understand these changes, the first step is to determine the
initial effective areas of clips when the roof is not subjected to wind loads and load sharing among
the clips is not affected by the panel deformations.
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5

Effective tributary area of installed clips on SSMR system

As shown in chapter 4, under low wind pressures, the proportions of induced loads on clips remain
constant and a linear relationship between pressure distributions and structural responses (clip
reactions) can be considered. In order to calculate the induced clip reactions, it is important to have
a correct estimation of assigned effective area for each clip. The induced load on a component can
be calculated as;
𝐹𝑈 = 𝑃 𝐴𝑒

(14)

where 𝑃 is the applied pressure, 𝐹𝑈 is the induced load on the component, and 𝐴𝑒 represents the
area assigned to that component.

5.1 Geometric tributary area of clips

The standard method to define the tributary area of a component is to use its geometric tributary
area by considering half of the distance to an adjacent fixing. The geometric tributary areas of clips
at locations with installed load cells on the tested SSMR system are shown in figure 5-1, and the
calculated areas are provided in table 5-1. The standard method to calculate the induced load on
each of these clips is to assign unit influence function over its geometric tributary area.

Table 5-1: Geometric tributary area of each clip with installed load cells
Type

Geometric Tributary
Area (𝒇𝒕𝟐)

Type

Geometric Tributary
Area (𝒇𝒕𝟐)

I

4.7

VI

7.25

II

6.27

VII

4.11

III

6.2

VIII

5.48

IV

8.27

IX

4.12

V

5.44

X

2.73
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Figure 5-1: Plot of the geometric tributary area of clips with installed load cells
As observed in figure 5-1, by considering geometric tributary area and assigning unit influence
function over the tributary area of clips close to the edges of the roof, it is assumed that half of the
wind load transfers to the edges. Also, considering the clips installed beside the ridge of the roof,
it is assumed that the transferred load to the ridge is divided between the clips installed on two
sides of the ridge.

5.2 Influence surface of clips

As mentioned in section 4-1, using the geometric tributary area as the effective area of clips, cannot
explain the induced clip reactions while parts of the roof close to the edges are subjected to the
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wind load. Considering the equation (14), by applying uniform pressure and measuring induced
clip loads using installed load cells, the effective area of each clip can be calculated;

𝐴𝑒 =

𝐹𝑈
𝑃

(15)

As shown in section 4.2, the performance of each side of the roof can be investigated separately.
In order to make sure whole effective area of each clip is covered by pressure, uniform pressure
was applied on one side of the roof using twenty-four pressure chambers while clip reactions were
measured using 50 installed load cells as shown in figure 5-2.

Figure 5-2: Locations of 50 clips with installed load cells on one side of the roof as the
roof is subjected to uniform pressure using 24 airbags
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In order to investigate how the magnitude of applied pressure affects the effective area assigned to
each clip, applied load differed in the range of 300 𝑃𝑎 to 700 𝑃𝑎 (6.3 – 14.7 𝑝𝑠𝑓). Figure 5-3
shows the magnitude of applied pressure and measured induced load on clip #112 as an example.
By using this information along with equation (15), the effective area can be calculated. As shown
in figure 5-4, it can be observed that the effective area remains constant as the magnitude of applied
pressure increase. Table 5-2 depicts the calculated effective area of each clip with its associated
uncertainty for the confidence level of 95%.

Figure 5-3: Plots of (a) induced load on clip #112 (b) increasing static pressure applied on
one side of the roof

Figure 5-4: Plot of the effective area of clip #112 as one side of the roof was subjected to
increasing static pressure
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Table 5-2: Comparison between measured influence surface and geometric tributary area
of each clip with the installed load cell
Clip #
79
80
81
82
83
84
85
86
87
88
89
90
101
102
103
104
105
106
107
108
109
110
111
112
123

Measured
Effective
Area (ft2)
3.9 ± 0.10
3.76 ± 0.25
4.27 ± 0.16
4.98 ± 0.08
4.44 ± 0.25
5.15 ± 0.14
4.06 ± 0.20
4.45 ± 0.10
5.18 ± 0.42
5.11 ± 0.06
4.82 ± 0.27
4.75 ± 0.08
4.86 ± 0.14
4.14 ± 0.13
5.8 ± 0.12
5.36 ± 0.07
5.92 ± 0.16
5.44 ± 0.07
5.43 ± 0.21
6.19 ± 0.25
5.38 ± 0.21
6.06 ± 0.10
7.73 ± 0.09
8.4 ± 0.10
4.58 ± 0.05

Geometric
Tributary
Area (ft2)
4.7
4.7
6.27
6.27
6.27
6.27
6.27
6.27
6.27
6.27
6.27
6.27
6.2
6.2
8.27
8.27
8.27
8.27
8.27
8.27
8.27
8.27
8.27
8.27
5.44

Clip #
124
125
126
127
128
129
130
131
132
133
134
145
146
147
148
149
150
151
152
153
154
155
156
157
158

Measured
Effective
Area (ft2)
4.35 ± 0.10
5.8 ± 0.05
5.78 ± 0.12
6.2 ± 0.16
4.6 ± 0.13
4.59 ± 0.12
4.8 ± 0.14
4.9 ± 0.19
6.31 ± 0.11
5.63 ± 0.08
5.91 ± 0.12
3.47 ± 0.04
3.57 ± 0.05
5.44 ± 0.03
4.66 ± 0.07
4.85 ± 0.24
5.24 ± 0.25
4.09 ± 0.19
4.98 ± 0.03
4.76 ± 0.17
4.61 ± 0.20
3.86 ± 0.10
3.91 ± 0.09
1.88 ± 0.10
2.05 ± 0.06

Geometric
Tributary
Area (ft2)
5.44
7.25
7.25
7.25
7.25
7.25
7.25
7.25
7.25
7.25
7.25
4.11
4.11
5.48
5.48
5.48
5.48
5.48
5.48
5.48
5.48
4.12
4.12
2.73
2.73

As mentioned in section 2.1, Farquhar et al. (2003, 2005) showed that ASCE 7-02 was
conservative by more than 30%. Comparison of measured influence surface and the geometric
tributary area for each clip is provided in table 5-2. It can be observed that considering the
geometric tributary area as effective area and assigning unit influence function overestimates the
induced clip reactions. By considering the geometric tributary area of 50 clips shown in figure 5-
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1, the total effective area is about 316 𝑓𝑡 2 while the summation of measured effective areas
presented in table 5-2, is about 246 𝑓𝑡 2 .

In other words, by applying uniform pressure and considering the geometric tributary area, total
induced wind load on installed clips is overestimated about 28%. As seen in figure 5-2, uniform
pressure is not applied on the ridge cap. Thus, it can be assumed that the effective areas of clips
installed beside the ridge of the roof are larger than the measured ones. By eliminating the parts of
the geometric tributary areas on the ridge cap which are not subjected to the pressure, the total
geometric tributary areas reduces to about 287 𝑓𝑡 2 which is still 17% larger than the total measured
influence surface. This overestimation occurs even with considering load transfer to the gable and
eave ends in the standard method. Thus, it is important to define the influence surfaces of
components so they are better representors of load sharing on the roof system and the influence of
boundary conditions of the roof system.

5.3 Measurement of the effective areas of clips

Based on equation 13, by considering uniform pressure (𝑃), the uplift force on an element in terms
of influence function can be expressed as;

𝐹𝑈 (𝑡) = 𝑃 ∫ 𝐼 (𝑥, 𝑦) 𝑑𝐴

(16)

𝐴

thus, the effective area of a clip is;

𝐴𝑒 = ∫ 𝐼 (𝑥, 𝑦) 𝑑𝐴
𝐴

(17)
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The influence functions of the structural responses are related to the system that is subjected to the
load regardless of the type of the load. That is why by defining the effective areas of components
using influence functions, the influence of boundary conditions on the performance of the
components are considered. Compared to the standard method, the influence surface of clip
reactions calculated based on this equation can be used to have a more realistic representation of
the performance of SSMR system components.

In order to have a better understanding of load sharing, and calculate the effective areas of clips,
the next step was to measure clip reaction influence functions. In order to do that, a concentrated
load was applied at 576 locations as load cells were installed on 50 clips. Test at each location was
repeated at least two times with a total of 1256 tests. Figure 5-5 depicts the locations of applied
load and clips with installed load cells on one side of the roof. By considering the points that the
standing seams are connected to the ridge and eave of the roof and the locations of the clips as
supports, the standing seams can be assumed as 4-span and 5-span beams. Depending on the
position of the clips located on standing seams, clips can be categorized into six types of areas as
shown in figure 5-6. Type I are the clips installed on the ridge of the roof. Second and third clips
on the standing seams are named as type II and type III respectively. Fourth clip on the standing
seams for 4-span and 5-span beams are assumed to be different and are named as type IV and type
V respectively. Fifth clips installed on the standing seam close to the corner of the roof are the type
VI of the area. It should be noted that the inside closure components installed on the eave of the
roof are considered as supports at the end of the idealized beam models.

As mentioned in section 3.3.3, the influence function of reaction at each clip can be represented as
a matrix which each element of it is the ratio of the induced load on the clip to the applied point
load. For these idealized beams, the influence functions of all supports were measured except the
support which represents the eave of the roof (with no installed clip).
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Figure 5-5: Locations of installed load cells (red square) and applied point load
(blue square)

Figure 5-6: Idealized 4-span and 5-span beam models of standing seams
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Figure 5-7 depicts the measured influence function of a type I clip located beside the ridge of the
roof over the area subjected to the concentrated load. It can be observed that considering the
location of the clip, the influence functions on locations away from two adjacent panels are about
zero. The influence surface of the clip over two adjacent panels along the standing seam is shown
in figure 5-8. It can be seen that the influence function at the location of the clip is about one and
decreases to reach zero on the adjacent seams. The changes of influence function perpendicular to
the standing seam and along the standing seam for type I of clips with installed load cells are shown
in figure 5-9. It can be observed that longitudinally, the clip reaction is influenced by applied load
all along the standing seam and most of the induced clip loads come from two panels connected to
the standing seam.

Figure 5-7: Measured influence function of a type I clip (black square) over the area
subjected to the concentrated load
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Figure 5-8: Measured influence function of a type I clip (red square) over the area of two
panels adjacent to the standing seam which the clip is located on it

Figure 5-9: Clip reaction influence function of type I clip (a) perpendicular to standing
seam (b) along the standing seam
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As an example, the measured influence function of a type II clip over the area subjected to the
concentrated load is shown in figure 5-10. It can be observed that also for this type of clip location,
the influence functions on locations away from two adjacent panels are about zero. Figure 5-11
shows the influence surface of the clip over two adjacent panels along the standing seam. Unlike
type I clip with influence function of one at the location of the clip, the influence function has the
magnitude of 0.9 at the location of the clip and decreases to zero at the adjacent seams. It should
be noted that the reasons why influence coefficient at the location of the clip is not equal to one
are examined in chapter 6. Figure 5-12 shows the changes of influence function perpendicular to
the standing seam and along the standing seam for type II clips with installed load cells. It can be
observed that the surface of two panels along the standing seam is the area with non-zero influence
function for this type of clip too.

Figure 5-10: Measured influence function of a type II clip (black square) over the area
subjected to the concentrated load
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Figure 5-11: Measured influence function of a type II clip (red square) over the area of
two panels adjacent to the standing seam which the clip is located on it

Figure 5-12: Clip reaction influence function of type II clip (a) perpendicular to standing
seam (b) along the standing seam
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Figure 5-13 shows the measured influence function of a type III clip over the area subjected to the
concentrated load and the changes of influence function of the clip reaction over the surface of two
adjacent panels along the standing seam are shown in figure 5-14. It can be observed that also for
this type of clip, the changes of influence function follow the same trend; the influence coefficient
has the highest magnitude at the location of the clip and reduces to zero on the adjacent seams
while longitudinally, the clip reaction is affected by applied load all along the standing seam.
Figure 5-15 depicts the changes of influence function perpendicular to the standing seam and along
the standing seam for type III clips with installed load cells. It can be seen that the maximum
influence function occurs at the location of the clip is less than one. This result will be examined
in chapter 6.

Figure 5-13: Measured influence function of a type III clip (black square) over the area
subjected to the concentrated load
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Figure 5-14: Measured influence function of a type III clip (red square) over the area of
two panels adjacent to the standing seam which the clip is located on it

Figure 5-15: Clip reaction influence function of type III clip (a) perpendicular to
standing seam (b) along the standing seam
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The measured influence function for the reaction of a type IV clip which is the closest clip to the
edge of the roof for 4-span idealized beams, are shown in figures 5-16 to 5-18 while the changes
of influence functions for the induced load on the fourth clip on the 5-span beam (type V) are
shown in figures 5-19 to 5-21. By comparing figures 5-18 and 5-21, it can be observed that how
the existence of the fifth clip changes the performance of the fourth clip. Although the surface with
the non-zero influence function is the same for both types of the clips, the magnitude of the
influence function at the location of the type V clip is lower than the one at the location of type IV
clip.

Figure 5-16: Measured influence function of a type IV clip (black square) over the area
subjected to the concentrated load
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Figure 5-17: Measured influence function of a type IV clip (red square) over the area of
two panels adjacent to the standing seam which the clip is located on it

Figure 5-18: Clip reaction influence function of type IV clip (a) perpendicular to standing
seam (b) along the standing seam
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Figure 5-19: Measured influence function of a type V clip (black square) over the area
subjected to the concentrated load

Figure 5-20: Measured influence function of a type V clip (red square) over the area of
two panels adjacent to the standing seam which the clip is located on it
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Figure 5-21: Clip reaction influence function of type V clip (a) perpendicular to standing
seam (b) along the standing seam

Figure 5-22 shows the measured influence function of a type VI clip over the area subjected to the
concentrated load and the surface with non-zero influence function is shown in figure 5-23. It can
be observed in figure 5-24 that only about half of the load transfers to the clip when the
concentrated load is applied at the location of the clip and the magnitude of the induced clip load
is profoundly affected by the boundary conditions at the edges of the roof. Again, this is examined
in chapter 6.
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Figure 5-22: Measured influence function of a type VI clip (black square) over the area
subjected to the concentrated load

Figure 5-23: Measured influence function of a type VI clip (red square) over the area of
two panels adjacent to the standing seam which the clip is located on it
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Figure 5-24: Clip reaction influence function of type VI clip (a) perpendicular to standing
seam (b) along the standing seam

As mentioned before, Prevatt et al. (1995) considered the magnitude of influence coefficients in
the range of 0.4 to 0.8 which is in a good agreement with the currently measured influence
functions, but as it can be observed, unlike their model, the surface with non-zero influence
function spreads beyond two adjacent spans. According to these results, it can be concluded that
unlike the standard method which defines the tributary area of components regardless of the
influence of the boundary conditions on load sharing and the performance of the clips, using
influence function concept to define effective areas of clips makes it possible to include the impact
of the boundary conditions on the performance of the roof components. Also, the fact that the
influence functions at the location of the clips, except the clips installed on the ridge of the roof,
are less than one suggests that considering clips as simple supports is not a realistic assumption
about their performance.
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As observed, most of the induced load on each clip comes from two panels all along the standing
seam which that clip is located on it. Thus, a new tributary area for clips as a surface with nonzero influence function can be defined. A comparison between this new tributary area and
geometric tributary area of a clip is shown in figure 5-25.

Figure 5-25: Comparison of the geometric tributary area (yellow rectangular) and new
tributary area (blue rectangular) of a clip (red square) installed on SSMR system

Based on equation 17, by calculating the integration of the influence function of each clip over its
influence surface, the magnitude of clip effective areas can be calculated. Table 5-3 depicts the
integrated effective area of each clip with its associated uncertainty for a confidence level of 95%
and the total influenced surface using this approach is about 250 𝑓𝑡 2 which is close to the 246 𝑓𝑡 2
that was measured by applying uniform pressure on standing seam metal roof, as discussed in table
5-2.
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Table 5-3: Measured integrated effective area of clips

Clip
#

Integrated
Effective
Area (𝒇𝒕𝟐 )

Clip
#

Integrated
Effective
Area (𝒇𝒕𝟐 )

Clip
#

Integrated
Effective
Area (𝒇𝒕𝟐 )

Clip
#

Integrated
Effective
Area (𝒇𝒕𝟐 )

Clip
#

Integrated
Effective
Area (𝒇𝒕𝟐 )

90

3.13 ± 0.20

112

7.20 ± 0.06

134

6.44 ± 0.30

156

3.65 ± 0.20

158

2.35 ± 0.08

89

3.25 ± 0.10

111

7.09 ± 0.10

133

5.60 ± 0.29

155

3.50 ± 0.21

157

2.45 ± 0.30

88

4.07 ± 0.10

110

7.30 ± 0.23

132

5.0 ± 0.24

154

4.90 ± 0.20

87

4.22 ± 0.10

109

7.71 ± 0.10

131

5.19 ± 0.80

153

4.30 ± 0.29

86

3.86 ± 0.20

108

6.98 ± 0.30

130

6.20 ± 0.22

152

4.40 ± 0.25

85

3.82 ± 0.10

107

5.16 ± 0.10

129

5.63 ± 0.30

151

4.20 ± 0.26

84

3.70 ± 0.12

106

6.0 ± 0.07

128

5.78 ± 0.40

150

5.60 ± 0.37

83

3.67 ± 0.40

105

6.70 ± 0.05

127

7.35 ± 0.10

149

5.40 ± 0.40

82

3.82 ± 0.10

104

5.80 ± 0.11

126

5.10 ± 0.13

148

5.70 ± 0.25

81

3.90 ± 0.15

103

5.90 ± 0.13

125

5.27 ± 0.20

147

5.08 ± 0.20

80

3.50 ± 0.42

102

4.50 ± 0.37

124

4.80 ± 0.10

146

4.70 ± 0.10

79

2.77 ± 0.10

101

4.92 ± 0.20

123

4.58 ± 0.40

145

4.80 ± 0.14

5.4 Validation of measured integrated effective areas using
pressure loading approach

As mentioned before, the standard method to calculated clip reactions includes assigning unit
influence function over geometric tributary areas of clips. Another approach is to consider the
effective areas of clips calculated based on the influence function concept. In order to compare
these two approaches and assess the use of influence function concept for considering the temporal
variations of wind load, dynamic pressures were applied on tested SSMR system using 12 pressure
chambers while induced clip loads were measured using installed load cells. The locations of used
pressure chambers and 50 clips with installed load cells are shown in figure 5-26. Applied wind
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load on each pressure chamber was calculated based on full-scale wind tunnel measurements as
shown in figure 5-27, and the summation of these pressure distributions provides the total applied
load on the area covered by 12 airbags. Figure 5-28 depicts the comparison between the total
applied load and the total measured load on 50 clips. Considering the total applied load with the
mean value of 1940.8 𝑙𝑏𝑠 and total measured load with the mean value of 1480 𝑙𝑏𝑠, it can be
observed that about 76% of applied dynamic load is measured by installed load cells which is in
agreement with the results provided in section 4-1.

Figure 5-26: Locations of 50 clips with installed load cells (red squares) on one side of the
roof and 12 pressure chambers used for applying dynamic pressure
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Figure 5-27: Time histories of applied pressure on each pressure chambers

Figure 5-28: Comparison between total applied load (black line) and total measured load
(red line) as uniform wind pressure was applied on the interior part of the roof
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Measured clip reactions on the tested metal roof can be estimated considering the applied pressure
and the effective area assigned to each component using;


Standard method (using geometric tributary area)



Measured effective areas

The summation of these calculated clip reactions provides the total estimated load. The comparison
of the total estimated load using these methods is presented in figure 5-29. The time history plotted
in black line presents one minute of time history shown in figure 5-28. By using different
approaches to calculate the effective area of each clip, the total induced load on 50 clips was
estimated. It can be observed that using influence function approach provides a better estimation
of the total induced load on clips compared to using the standard method. Statistical properties of
total clip reactions calculated by different methods are presented in table 5-4.

Figure 5-29: Comparison of different methods used to estimate clip reactions with
measured data; Total measured load (black line) Total estimated load using standard
method (purple) Total estimated load using measured effective areas (blue)
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Table 5-4: Mean value and standard deviation of total induced load on SSMR system
Using Geometric

Using Measured

Tributary Area (lbs)

Effective Area (lbs)

1480 ± 14.9

1749.1 ± 29.6

1573.6 ± 23.4

293.7 ± 13.5

346.9 ± 10.2

312.2 ± 9.9

Measured Load (lbs)
Mean
Standard
deviation

Tables 5-5 to 5-8 depict the statistical properties of induced load calculated using different methods
for each clip. According to the results provided in chapter 4, under high pressures, the relationship
between wind loads and clip reactions does not remain linear and thus, using the influence
functions does not provide an accurate estimation of the structural responses. Considering the
dynamic pressure trace applied on each pressure chamber shown in figure 5-27, it can be assumed
that the responses go into non-linear range as the high peak pressures occur which can explain the
differences between measured clip reactions and estimated ones using the effective areas.
However, since the mean values of applied pressures are not high, the ratio of the total measured
load is similar to the uniform pressure tests with the magnitude of 75%.

According to the results provided in tables 5-5 to 5-8, although by using the geometric tributary
areas more clips are considered unaffected by applied pressure, the total induced load is
overestimated. Compared to clips close to the gable and eave ends of the standing seam metal roof,
for clips located in the interior parts of the roof (types I, II and III), using geometric tributary areas
provides a proper estimation of clip reactions. This difference can be explained by the fact that the
standard method does not consider the effects of boundary conditions. For clips close to the eave
end of the roof, the influence coefficient at the location of the clip is about 0.8, 0.6, and 0.5 for
type IV, V, and VI of clips respectively, which means that most of the applied load close to the
eave transfers to the installed fasteners at the edge of the roof.
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Table 5-5: Statistical properties of induced clip reactions on the SSMR system (Type I)

Clip

#79

#80

#81

#82

#83

#84

#85

#86

#87

#88

#89

#90

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

2.71 ± 0.17

Using Geometric
Tributary
Area(lbs)
0

Using Measured
Influence
Surface(lbs)
0

0.63 ± 0.028

0

0

2.89 ± 0.18

0

0

0.73 ± 0.045

0

0

4.19 ± 0.26

0

0

1.13 ± 0.073

0

0

5.1 ± 0.25

0

0

1.64 ± 0.19

0

0

9.24 ± 0.38

0

0

2.33 ± 0.2

0

0

13.9 ± 0.96

0

6.54 ± 0.05

3.32 ± 0.35

0

1.21 ± 0.025

44.58 ± 0.72

53.23 ± 0.33

32.52 ± 0.52

8.75 ± 0.11

9.79 ± 0.08

4.32 ± 0.09

55.1 ± 2.75

54.36 ± 0.34

34.78 ± 0.48

11.57 ± 0.44

9.99 ± 0.09

5.52 ± 0.098

52.12 ± 5.37

57.85 ± 0.33

39.65 ± 0.43

7.69 ± 0.8

9.72 ± 0.085

5.42 ± 0.11

29.1 ± 2.62

12.61 ± 0.56

23.57 ± 0.17

5.51 ± 0.57

3.76 ± 0.06

2.74 ± 0.13

24.97 ± 0.45

12.34 ± 0.54

18.26 ± 0.18

5.54 ± 0.24

3.68 ± 0.06

4.46 ± 0.16

43.13 ± 1.69

56.13 ± 1.22

35.43 ± 0.74

23.85 ± 0.69

24.4 ± 0.65

14.02 ± 0.52

Measured Load
(lbs)
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Table 5-6: Statistical properties of induced clip reactions on the SSMR system (Type II)
Clip

#101

#102

#103

#104

#105

#106

#107

#108

#109

#110

#111

#112

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

−3.61 ± 0.12

Using Geometric
Tributary
Area(lbs)
0

Using Measured
Influence
Surface(lbs)
0

0.7 ± 0.04

0

0

−4.3 ± 0.19

0

0

0.94 ± 0.08

0

0

−7.1 ± 0.14

0

0

1.7 ± 0.13

0

0

−9.62 ± 0.19

0

0

2.3 ± 0.2

0

0

2.33 ± 0.22

0

0

3.16 ± 0.32

0

0

4.1 ± 0.59

0

2.25 ± 0.33

2.57 ± 0.26

0

0.74 ± 0.02

78.3 ± 2.3

100.03 ± 1.42

90.87 ± 1.97

16.44 ± 1.5

19.64 ± 0.63

18.2 ± 0.43

90.3 ± 2.55

102.16 ± 1.45

105.34 ± 2.57

18.52 ± 1.34

20.06 ± 0.65

21.14 ± 0.46

76.9 ± 3.43

99.33 ± 1.41

105.19 ± 2.17

16.37 ± 1.55

19.5 ± 0.63

21 ± 0.52

60.75 ± 1.37

90.3 ± 1.53

87.43 ± 1.59

15 ± 0.69

19.84 ± 0.72

19.02 ± 0.95

75.55 ± 1.67

99.97 ± 1.83

85.59 ± 1.56

17.89 ± 0.83

19.42 ± 0.71

21.13 ± 1.07

106.56 ± 2.4

96.91 ± 2.71

112.95 ± 1.8

29.6 ± 0.91

29.7 ± 0.91

30.76 ± 0.79

Measured Load
(lbs)
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Table 5-7: Statistical properties of induced clip reactions on the SSMR system (Type III)
Clip

#123

#124

#125

#126

#127

#128

#129

#130

#131

#132

#133

#134

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

0.73 ± 0.08

Using Geometric
Tributary
Area(lbs)
0

Using Measured
Influence
Surface(lbs)
0

0.22 ± 0.005

0

0

−0.24 ± 0.17

0

0

0.32 ± 0.02

0

0

−0.57 ± 0.32

0

0

0.51 ± 0.04

0

0

−0.27 ± 0.48

0

0

0.94 ± 0.08

0

0

−0.05 ± 0.62

0

0

1.3 ± 0.08

0

0

1.5 ± 0.83

0

3.54 ± 0.02

1.62 ± 0.164

0

0.65 ± 0.014

49.4 ± 3.29

83.34 ± 4.27

68.1 ± 4.54

11.45 ± 0.73

16.72 ± 0.51

18.06 ± 0.25

60.5 ± 4.73

69.51 ± 4.64

88.7 ± 4.12

15.72 ± 1.31

17.1 ± 0.52

19.09 ± 0.32

53.99 ± 3.62

67.58 ± 4.51

53.73 ± 2.46

15.52 ± 0.98

16.6 ± 0.51

11.53 ± 0.18

87.7 ± 2.36

113.62 ± 1.68

88.72 ± 2.81

18.34 ± 0.75

21.59 ± 1.71

24.84 ± 1.38

76.48 ± 0.35

97.88 ± 2.91

86.85 ± 2.75

15.98 ± 0.63

21.13 ± 1.67

20.95 ± 1.31

66.65 ± 1.79

88.73 ± 3.14

66.34 ± 1.43

18.33 ± 1.46

24.74 ± 2

17.59 ± 1.23

Measured Load
(lbs)
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Table 5-8: Statistical properties of induced clip reactions on SSMR system (Type IV, V, VI)
Clip

#145

#146

#147

#148

#149

#150

#151

#152

#153

#154

#155

#156

#157

#158

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

1.46 ± 0.09

Using Geometric
Tributary Area
(lbs)
0

Using Measured
Influence Surface
(lbs)
0

0.3 ± 0.025

0

0

1.99 ± 0.36

0

0

0.35 ± 0.026

0

0

2.36 ± 0.59

0

0

0.39 ± 0.012

0

0

1.93 ± 0.77

0

0

0.89 ± 0.016

0

0

1.24 ± 0.53

0

0

0.88 ± 0.1

0

0

6.5 ± 1.13

0

3.99 ± 0.14

2.06 ± 0.16

0

1.06 ± 0.04

55.99 ± 4.02

71.99 ± 4.4

46.59 ± 2.74

13.32 ± 0.23

16.16 ± 0.31

10.15 ± 0.11

56.42 ± 3.51

73.53 ± 4.5

49.58 ± 3.02

13.48 ± 0.22

16.5 ± 0.3

10.87 ± 0.13

54.1 ± 3.85

71.5 ± 4.37

66.76 ± 3.42

10.37 ± 0.54

16.05 ± 0.3

14.47 ± 0.14

36.1 ± 2.63

66.77 ± 0.37

33.86 ± 0.27

14,55 ± 0.66

17.2 ± 0.41

7.72 ± 0.34

39.34 ± 0.8

48.25 ± 0.19

41.01 ± 0.3

12.94 ± 0.78

12.32 ± 0.36

10.13 ± 0.43

46.93 ± 1.43

62.32 ± 2.01

47.3 ± 0.73

11.63 ± 0.35

15.03 ± 0.12

11.59 ± 0.33

20.13 ± 0.51

34.22 ± 0.54

28.94 ± 0.11

5.85 ± 0.16

9.15 ± 0.11

7.39 ± 0.21

36.83 ± 1.75

48.14 ± 2.79

35.77 ± 1.43

10.9 ± 0.15

12.36 ± 0.26

8.76 ± 0.02

Measured Load
(lbs)
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5.5

Tributary areas of edges of the roof

As mentioned before, standards like ASCE 7 define geometric tributary areas of components by
considering half of the distance between fasteners. For clips installed close to the edges of the roof,
by considering half of the distance from the edges and assigning unit influence function, it can be
concluded that half of the applied pressure at the edges of the roof transfers to the fasteners
installed at the edges. Figure 5-30 depicts the tributary areas of the edges of the roof while 𝑑𝑖
represents the width of each tributary area.

Figure 5-30 : Assigned tributary areas to the edges of the roof considering the geometric
tributary areas of clips
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In order to investigate the influence of using the integrated effective areas on induced load on the
edges of the roof, by considering applied uniform pressure with the magnitude of 500 𝑃𝑎 at
different parts of the roof and estimating clip reactions using integrated effective areas, the amount
of the load transfers to the edge can be obtained as;
𝐿𝑜𝑎𝑑𝐸𝑑𝑔𝑒 = 𝐿𝑜𝑎𝑑 𝑇𝑜𝑡𝑎𝑙 − 𝐿𝑜𝑎𝑑𝐶𝑙𝑖𝑝𝑠

(18)

Knowing the transferred load to the edge and considering the same length for tributary areas, the
new width (𝑑𝑖 ) for each tributary area is calculated. Figure 5-31 depicts the position of applied
uniform pressures. A comparison between the current values of 𝑑𝑖 and the new ones is provided
in table 5-9.

Figure 5-31: Position of applied uniform pressure (a) along the gable edge (b) at the
corner of the roof (c) beside the eave edge, red lines determine the tributary areas of the
edges of the roof considering geometric tributary areas of clips and blue rectangular
areas show the surface subjected to 500 𝑷𝒂
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Table 5-9: Comparing calculated widths of tributary areas of edges of the roof
Calculated based on geometric

Calculated based on integrated

tributary areas of clips

effective areas of clips

𝒅𝟏

1.00 𝑓𝑡

1.17 𝑓𝑡

𝒅𝟐

0.68 𝑓𝑡

1.37 𝑓𝑡

𝒅𝟑

1.37 𝑓𝑡

1.64 𝑓𝑡

It can be observed that the standard method which considers unit influence function over the
geometric tributary areas of clips, underestimates the amount of the load transfers to the edges of
the roof especially at the corner of the roof where high magnitudes of suction occur. This
underestimation results in determining larger fastener spacing at the boundaries of the roof system
and using a fewer number of fasteners, which leads to the poor performance of the roof system
under high wind pressures.

5.6

Summary

As a building surface such as roofing system is subjected to wind pressure, the induced loads on
structural components can be estimated by considering the proper effective areas. The standard
approach to consider the geometric tributary area as the effective area of a structural component
and assigning unit influence function to the area eliminates the influence of boundary conditions
on load sharing among the components. On the other hand, for the clips installed on the SSMR
system, by considering geometric tributary areas of clips, the role of ribs on distributing load
among the clips is ignored. All these simplifications result in an overestimation of total induced
load on the installed clips. It should be noted that this overestimation mainly occurs for clips
installed at the ridge of the roof and close to the edges to the roof.
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Compared to the geometric areas, more accurate effective tributary area for the clips installed on
the standing seam metal roof was defined using the influence function concept, which covers two
panels all along the standing seam. By considering larger surface with non-zero influence function
and reduction of assigned influence coefficients, the induced clip reactions decrease. This
reduction is noticeable for clips close to the eave end. It should be noted that compared to the gable
edges, the restraints at eave ends of the roof have a more significant influence on transferring the
load to the clips.

Since the clip reactions effective areas were measured as no pressure was applied on the roof, the
difference between estimated clip reactions using influence functions and measured induced loads
can be explained by the impact of panel deformation. According to the results provided in chapter
4, as panels deform under high wind loads, the relationship between wind loads and clip reactions
does not remain linear and the induced load on clips decrease which results in overestimation of
clip reactions using influence functions.

By comparing the total applied load on parts of the roof and the estimated total clip reactions, the
effective areas of the edges of the roof are calculated as the tributary areas which should be
considered in the calculation of load transfer to the edges. To ensure linear behavior of the roofing
system to use measured effective areas, load level of 500 𝑃𝑎 is considered. The new tributary area
along the gable edge is 17% larger compared to what standard method (using geometric tributary
area) suggests while along the eave, this increase is about 20%. The greatest difference is for the
amount of the load which transfers to the eave, at the corner of the roof where the new surface is
twice the one that the standard method considers.
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6

An analytical model for clips influence surfaces

The tested standing seam metal roof at IRLBH is a specific roofing system with certain installed
clip arrangement, panel dimensions and boundary conditions. In order to generalize the results and
be able to use the measured effective areas of installed clips for different roofing systems and setups, an analytical model is developed to present the changes of clip reactions influence functions
as the roofing system behaves linearly.

6.1 Comparing measured influence functions with previous
models

As mentioned before, idealizing the behaviour of standing seam as a continuous beam and
modeling clips as simple supports was considered in previous studies (Ho et al., 1995). By
modeling the behaviour of clips as simple supports, the influence coefficient of a clip reaction at
the location of the clip is equal to one, and it reaches to zero at the locations of other clips
(supports). Figure 6-1 depicts a comparison between this model and measured clip reaction
influence functions for type II of clips. It can be observed that the influence coefficients at the
location of clips are less than one and for this type of clip, the influence coefficient is not zero at
the adjacent clip which implies that considering clips as simple supports will not be an accurate
assumption. Also, figure 6-2 depicts the comparison between measured influence functions of clip
reactions perpendicular to the standing seam for all types of the clips and linear model used in
previous studies. It can be observed that regardless of the location of the clip along the standing
seam, considering linear changes for points away from standing seam overestimates the influenced
surface of clips. Thus, it is essential to find an analytical model which represents the influence
surfaces of clips more accurately.
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Figure 6-1: Comparison between measured influence function of clip reaction along the
standing seam and influence function of the simple support on a 4-span beam (black line)
suggested by Ho et al. (1995)

Figure 6-2: Comparison between measured influence function of clip reaction
perpendicular to the standing seam and linear model (black line) suggested by Ho et al.
(1995)
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6.2 Construction of a linear analytical model
6.2.1

Clip reaction influence function along the standing seam

By idealizing standing seams as multi-span beams, in order to analyze these indeterminate
structures and find clip reactions, force method can be used (Hourani, 2002). Force method can be
summarized as;


Converting the indeterminate structure to a determinate one by removing unknown
forces and replacing them with known unit forces.



Using superposition, calculate the force that would be required to achieve
compatibility with the original structure.

Consider a double-span beam subjected to a unit point load shown in figure 6-3. Based on the
principle of superposition, the reaction of this indeterminate beam subjected to unit load is equal
to the summation of deflections of two beams as shown in figure 6-4.

Figure 6-3: Indeterminate double-span beam subjected to a unit load
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Figure 6-4: Deflection of a determinate beam subjected to unit point load

Considering the original structure, the displacement at the location of simple support is equal to
zero, thus;
−δBI + R B δBB = 0

(19)

Where;
δBI : Vertical displacement at point 𝐵 due to unit concentrated load at point 𝐼
δBB : Vertical displacement at point 𝐵 due to unit concentrated load at point 𝐵
δIB : Vertical displacement at point 𝐼 due to unit concentrated load at 𝐵 which is equal to δBI
So the reaction of support B can be calculated as;

RB =

δIB
δBB

(20)

The deflection of a determinate beam subjected to a unit load at x=a (support B) can be represented
as;

120

1
) [−𝑏𝑥 3 + 𝑎𝑏(𝑎 + 2𝑏)𝑥]
6𝐸𝐼𝐿
{
1
(
) [𝑎𝑥 3 − 𝑎𝑏(2𝑎 + 𝑏)𝑥 ]
6𝐸𝐼𝐿
(

0≤𝑥≤𝑎
(21)
−𝑏≤𝑥 ≤0

These equations represent δIB , as the deflection at any point due to point load at x=a (support B).
The deflection of the beam at x=a is;

δBB =

𝑎2 𝑏2
3𝐸𝐼𝐿

(22)

So the influence function of reaction along the first span is;
R B = −𝑥 3 +

𝑥 (𝑎2 + 2𝑎𝑏)
2𝑎2 𝑏

(23)

This method can be used to calculate the influence function of a continuous beam with several
spans. Consider a four-span beam with simple supports subjected to unit point load shown in figure
6-5;

Figure 6-5: 4-span beam with simple supports subjected to unit point load

This indeterminate structure can be converted into several determinate beams as shown in figure
6-6;
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Figure 6-6: Determinate beam subjected to unit loads at locations of supports

The mentioned parameters can be defined as;
δBB

Vertical displacement at B due to a unit vertical load at B

δCC

Vertical displacement at C due to a unit vertical load at C

δDD

Vertical displacement at D due to a unit vertical load at D

δCB = δBC

Vertical displacement at B due to a unit vertical load at C

δDB = δBD

Vertical displacement at B due to a unit vertical load at D

δDC = δCD

Vertical displacement at C due to a unit vertical load at D
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Hourani (2002) suggested that in order to analyze the continuous beam shown in figure 6-5, each
of the determinate beams shown in figure 6-6 can be treated as a double-span beam. Thus the
equations of the double-span beam can be used to calculate deflections at the location of each
support. The parameters can be expressed as;

δBB

𝑎2 𝑏2
=
3𝐸𝐼𝐿

δCC

𝑐 2𝑑2
=
3𝐸𝐼𝐿

δCB = δBC =

𝑎(𝑐 − 𝐿)(𝑐 2 − 2𝐿𝑐 + 𝑎2 )
6𝐸𝐼𝐿

δCD = δDC =

𝑐(𝑒 − 𝐿)(𝑒 2 − 2𝐿𝑒 + 𝑐 2 )
6𝐸𝐼𝐿

δBD = δDB =

𝑎(𝑒 − 𝐿)(𝑒 2 − 2𝐿𝑒 + 𝑎2 )
6𝐸𝐼𝐿

δDD

𝑒 2𝑓 2
=
3𝐸𝐼𝐿

(24)

(25)

Considering the superposition principle, the deformations at locations of simple supports will be;
R B δBB + R C δCB + R D δDB = δIB
R B δBc + R C δCC + R D δCD = δIC

(26)

R B δBD + R C δCD + R D δDD = δID

These equations can be represented as;
δBB
[δBC
δBD

δCB
δCC
δCD

δDB R B
δIB
R
δDC ] [ C ] = [ δIC ]
δDD R D
δID

(27)
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δIB , δIC , and δID express the deflection of the beam as the point load is applied at locations of each
support which can be calculated using equation 21;

δIB,1
δIB {
δIB,2

0≤𝐼≤𝑎
𝑎≤𝐼≤𝐿

δIC,1
δIC {
δIC,2

0≤𝐼≤𝑐
𝑐≤𝐼≤𝐿

δID {

δID,1
δID,2

0≤𝐼≤𝑒
𝑒≤𝐼≤𝐿

(28)

In order to calculate the influence function of reactions, for each span different equation should be
considered as provided in table 6-1.

Table 6-1: Deflection equations used for calculation of clip reaction
Span #1

Span #2

Span #3

Span #4

𝐑𝐁

𝛅𝐈𝐁,𝟏 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐈𝐃,𝟐

𝐑𝐂

𝛅𝐈𝐁,𝟏 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐈𝐃,𝟐

𝐑𝐃

𝛅𝐈𝐁,𝟏 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟏 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐃,𝟏

𝛅𝐈𝐁,𝟐 , 𝛅𝐈𝐂,𝟐 , 𝛅𝐈𝐃,𝟐

By using this method, the vertical reactions influence functions on the idealized 4-span beam with
simple supports can be calculated. El Damatty et al. (2003) and Ali and Sensery (2003) considered
installed clips as vertical springs in their finite element models of standing seam metal roof system.
Figure 6-7 depicts the idealized 4-span model of a standing seam. The two ends of the standing
seam where it is connected to the ridge and eave of the roof is modeled as simple support and clips
located in the middle of the roof are considered as vertical springs.
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Figure 6-7: 4-span beam with simple supports at two ends and vertical springs
representing the clips subjected to unit point load

Force method can be used to analyze this continuous beam and find the clip reactions. This
indeterminate structure can be converted into several determinate structures as shown in figure
6-6. By considering clips as vertical springs, the displacement of the beam at locations of clips can
be calculated as;

∆=−

𝑅
𝑘

(29)

where 𝑅 is the clip reaction and 𝑘 represents the stiffness of clips. The negative sign means that
the displacement of the beam is assumed to be in the opposite direction of the clip reaction. Thus,
based on the superposition principle, the deformations at locations of supports will be;

R B δBB + R C δCB + R D δDB = δIB + ∆𝐵 = δIB −

RB
𝑘

R B δBc + R C δCC + R D δCD = δIC + ∆𝐶 = δIC −

RC
𝑘

R B δBD + R C δCD + R D δDD = δID + ∆𝐷 = δID −

RD
𝑘

(30)
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These equations can be represented as;

[

δBB + 1⁄𝑘
δBC
δBD

δCB
δCC + 1⁄𝑘
δCD

δDB
δIB
RB
δDC
] [R C ] = [δIC ]
δID
δDD + 1⁄𝑘 R D

(31)

By solving these equations, the clip reaction influence functions along the standing seam can be
calculated. However, the question is the magnitude of clip stiffness. It should be noted that for
solving this equation, the clip reaction influence functions are dimensionless and the dimension of
"1⁄𝑘 " will be in length. El Damatty et al. (2003) measured the vertical stiffness of clips by
recording load-displacement data and estimated the stiffness with the mean value of
1721.3 𝑁/𝑚𝑚 and standard deviation of 6.5 𝑁/𝑚𝑚 .

The tested standing seam metal roof for the current study is similar to the system tested by Farquhar
et al. (2003). For tested model-scale roof at University of Western Ontario wind tunnel by Farquhar
et al. (2003), a full-scale along-seam flexural rigidity (𝐸𝐼) of 65.7 𝑁. 𝑚𝑚2 was calculated for a
2 𝑓𝑡 wide panel section centered on a seam. Using the flexibility rigidity of 65.7 𝑁. 𝑚𝑚2 and
measured influence functions as the clip reactions, based on equation 31, the stiffness of clips is
estimated to 2553.9 𝑁/𝑚𝑚 (1.75 × 105

𝑙𝑏𝑠
𝑓𝑡

) with the uncertainty of 36.33 𝑁/𝑚𝑚 . Since both

Farquhar (2003) and El Damatty et al. (2003) modeled the roof system of MSU experiments (Sinno
et al., 2001), the difference between estimated values of clip stiffness cannot be due to material
properties. El Damatty et al (2003) tested clips separately and calculated the stiffness based on
load-displacement measurements while for the current study, the clips were performed as the
components of a roof system which might be the reason for having smaller displacements and
subsequently, higher stiffness. Knowing the stiffness of clips, the equations of clip reaction
influence functions can be calculated. Figures 6-8 to 6-13 depict the comparison between measured
influence coefficients and modeled influence functions for each type of clips. As mentioned before,
Prevatt et al. (1995) showed that the magnitudes of influence coefficients for vertical clip reactions
are less than one but unlike their model which considered the distance of one span away from the
clip to define the surface with non-zero influence coefficients, the current model considers larger
influence surface. It can be observed that for clips located beside the ridge of the roof (type I),
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shown in figure 6-8, the influence coefficient of clip reaction is about one which implies that
considering this type of clip as simple support is a correct assumption. For other types of the clips,
it can be observed that modeling the performance of installed clips as vertical springs provides
better estimation compared to considering clips as simple supports. This difference is especially
noticeable for clips of type IV, V, and VI shown in figures 6-11, 6-12, and 6-13 respectively.

Figure 6-8: Comparison between measured influence function of clip reaction (Type I)
along the standing seam, influence function of the simple support on a 4-span beam (black
line),and influence function of the clip as vertical spring on a 4-span beam (red line) Note:
Supports with installed clips (▲) and Eave end without an installed clip (▲)
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Figure 6-9: Comparison between measured influence function of clip reaction (Type II) along
the standing seam, influence function of the simple support on a 4-span beam (black line),and
influence function of the clip as vertical spring on a 4-span beam (red line) Note: Supports
with installed clips (▲) and Eave end without an installed clip (▲)

Figure 6-10: Comparison between measured influence function of clip reaction (Type III)
along the standing seam, influence function of the simple support on a 4-span beam (black
line),and influence function of the clip as vertical spring on a 4-span beam (red line) Note:
Supports with installed clips (▲) and Eave end without an installed clip (▲)
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Figure 6-11: Comparison between measured influence function of clip reaction (Type IV)
along the standing seam, influence function of the simple support on a 4-span beam (black
line),and influence function of the clip as vertical spring on a 4-span beam (red line) Note:
Supports with installed clips (▲) and Eave end without an installed clip (▲)

Figure 6-12: Comparison between measured influence function of clip reaction (Type V)
along the standing seam, influence function of the simple support on a 5-span beam (black
line),and influence function of the clip as vertical spring on a 5-span beam (red line) Note:
Supports with installed clips (▲) and Eave end without an installed clip (▲)
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Figure 6-13: Comparison between measured influence function of clip reaction (Type VI)
along the standing seam, influence function of the simple support on a 5-span beam (black
line),and influence function of the clip as vertical spring on a 5-span beam (red line) Note:
Supports with installed clips (▲) and Eave end without an installed clip (▲)

6.2.2

Clip reaction influence function away from the standing seam

As mentioned before, most of the induced clip loads come from two panels connected to the
standing seam. However, considering linear changes from the influence coefficient calculated
using the analytical model on the seam to zero at the adjacent seam overestimates influence
surfaces of clips as shown in figure 6-14. It can be observed that unlike other types of clips, for
clips installed at the ridge (Type I), the changes of influence coefficients can be considered linear.
This difference might be due to the installation of fasteners at the ridge of the roof and subsequent
reduction of the influence of panel deformations on the performance of these clips.

The performance of a thin shell subjected to concentrated load is influenced by its boundary
conditions. However, considering the panels of a standing seam metal roof system, defining the
type of restraints around the panels is not an easy task. Another option is to define an empirical
model based on the experimental data. In order to have an approximation of experimental data, a
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geometric shape such as line should be fitted to the observed data points. The best fit is achieved
when the geometric distances from the experimental data points to the model object are minimized
in the least squares sense (Chernov et al., 2012; Chernov et al., 2013). The best fitting object may
not be stable under small changes in the measurements. Thus, the uniqueness of the best fitting
object cannot be guaranteed (Chernov et al., 2013).

Figure 6-14: Clip reaction influence function perpendicular to stand seam
(a) Type I (b) Type II (c) Type III (d) Type IV (e) Type V (f) Type VI
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According to the theory of plates and shells, the deformation of a thin shell under normal point
load can be expressed as Fourier series (Niemi et al., 2007). For current experiments, in order to
have an analytical model which represents the changes of influence coefficients in the transverse
direction, for each type of clips, different sections perpendicular to seam are considered.

Figure 6-15 depicts the changes of influence coefficients for first clips located on the standing
seams with two 2-𝑓𝑡 wide panels besides the seam. The best fitted curve for the influence function
on two sections perpendicular to the standing seam are plotted. Sum of sines model is used as the
best fit to the data and R-square is calculated for each case in order to investigate how well the
model matches the data. The sum of sines model can be presented as;

𝑛

𝑦 = ∑ 𝑎𝑖 sin(𝑏𝑖 𝑥 + 𝑐𝑖 )

(32)

𝑖=1

The coefficients of the model are presented in table 6-2;

Table 6-2: Coefficients of analytical model perpendicular to the seam connected to two 2-𝒇𝒕
wide panels (Clip: Type I)
Coefficients of Model (𝒂𝟏 𝒔𝒊𝒏(𝒃𝟏 𝒙 + 𝒄𝟏 ) + 𝒂𝟐 𝒔𝒊𝒏(𝒃𝟐 𝒙 + 𝒄𝟐 ))
𝒂𝟏

𝒃𝟏

𝒄𝟏

𝒂𝟐

𝒃𝟐

𝒄𝟐

R-square

Section #1

0.81

0.84

-0.12

0.07

3.11

1.56

0.99

Section #2

0.26

0.82

-0.15

0.05

3.69

0.47

0.89
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Figure 6-15: (a) Clip reaction influence function analytical model along the standing
seam (Type I) with two 2-𝒇𝒕 wide panels connected to the seam, Measured influence
coefficients perpendicular to the seam (black points) and best-fit curve (red line) on
(b) section #1 (c) section #2

In order to estimate the influence surface on points away from standing seam, for the positive part
of the clip reaction influence function shown in figure 6-15a, linear changes are considered
between calculated models on two sections. For the negative part of the clip reaction influence
function shown in figure 6-15a, influence coefficients change linearly from the influence
coefficient on the seam to zero at the adjacent seam. Figure 6-16 depicts the modeled influence
surface for type I of clips.
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Figure 6-16: Modeled influenced surface of clip reaction (Type I) with two 2-𝐟𝐭 wide
panels connected to the seam
The changes of influence coefficients for second clips located on the standing seams with two
2-𝑓𝑡 wide panels besides the seam are shown in figure 6-17. The coefficients of the models on
three sections in the positive part of the influence function shown in figure 6-17a are provided in
table 6-3. Based on these models and the procedure mentioned for type I of clips, the clip reaction
influence surfaces are calculated as shown in figure 6-18.

Table 6-3: Coefficients of analytical model perpendicular to the seam connected to two 2-ft
wide panels (Clip: Type II)
Coefficients of Model (𝒂𝟏 𝒔𝒊𝒏(𝒃𝟏 𝒙 + 𝒄𝟏 ) + 𝒂𝟐 𝒔𝒊𝒏(𝒃𝟐 𝒙 + 𝒄𝟐 ))
𝒂𝟏

𝒃𝟏

𝒄𝟏

𝒂𝟐

𝒃𝟐

𝒄𝟐

R-square

Section #1

0.29

0.02

1.89

0.32

1.60

-1.66

0.93

Section #2

0.42

0.01

1.68

0.43

1.73

-1.91

0.94

Section #3

0.27

0.03

1.24

0.30

1.49

-1.39

0.94
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Figure 6-17: (a) Clip reaction influence function analytical model along the standing
seam (Type II) with two 2-𝒇𝒕 wide panels connected to the seam, Measured influence
coefficients perpendicular to the seam (black points) and best-fit curve (red line) on
(b) section #1 (c) section #2 (d) section #3

Figure 6-18: Modeled influenced surface of clip reaction (Type II) with two 2-𝒇𝒕 wide
panels connected to the seam
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The same procedure is used to model the influenced surface of third clips located on standing
seams. The influence function along the standing seams and three section perpendicular to the
seams are shown in figure 6-19, and the influenced surface of clip reactions are calculated based
on these models. Figure 6-20 depicts the modeled influenced surface of type III of clips.

Table 6-4: Coefficients of analytical model perpendicular to the seam connected to two 2-ft
wide panels (Clip: Type III)

Section #1
Section #2
Section #3

Coefficients of Model (𝒂𝟏 𝒔𝒊𝒏(𝒃𝟏 𝒙 + 𝒄𝟏 ) + 𝒂𝟐 𝒔𝒊𝒏(𝒃𝟐 𝒙 + 𝒄𝟐 ))
R-square
𝒂𝟏
𝒃𝟏
𝒄𝟏
𝒂𝟐
𝒃𝟐
𝒄𝟐
0.31
0.03
2.23
0.26
1.62
-1.73
0.92
0.37
0.22
1.12
0.37
1.81
-1.99
0.92
0.21
0.13
1.05
0.22
1.55
-1.37
0.90

Figure 6-19: (a) Clip reaction influence function analytical model along the standing
seam (Type III) with two 2-𝒇𝒕 wide panels connected to the seam, Measured influence
coefficients perpendicular to the seam (black points) and best-fit curve (red line) on
(b) section #1 (c) section #2 (d) section #3
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Figure 6-20: Modeled influenced surface of clip reaction (Type III) with two 2-𝒇𝒕 wide
panels connected to the seam

As mentioned before, the existence of fifth clip affect the performance of fourth clips on standing
seams, but in order to model the changes of influence coefficients perpendicular to seam, these
differences are ignored, and the sum of sines models are estimated based on measured data of
fourth clips on 4-span and 5-span idealized beams. These models are shown in figure 6-21, and
their coefficients are mentioned in table 6-5. Figure 6-22 shows the modeled influence surface for
this type of clips.

Table 6-5: Coefficients of analytical model perpendicular to the seam connected to two 2-ft
wide panels (Clip: Type IV & V)
Coefficients of Model (𝒂𝟏 𝒔𝒊𝒏(𝒃𝟏 𝒙 + 𝒄𝟏 ) + 𝒂𝟐 𝒔𝒊𝒏(𝒃𝟐 𝒙 + 𝒄𝟐 ))
𝒂𝟏

𝒃𝟏

𝒄𝟏

𝒂𝟐

𝒃𝟐

𝒄𝟐

R-square

Section #1

0.24

0.09

1.06

0.25

1.75

-1.92

0.88

Section #2

0.45

0.89

-0.21

0.16

2.66

-3.89

0.90

Section #3

0.31

0.91

-0.19

0.11

2.47

-3.14

0.87
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Figure 6-21: (a) Clip reaction influence function analytical model along the standing
seam (Type IV (Black) and Type V: (Purple )) with two 2-𝒇𝒕 wide panels connected to
the seam, Measured influence coefficients perpendicular to the seam (black points) and
best-fit curve (red line) on (b) section #1 (c) section #2 (d) section #3

Figure 6-22: Modeled influenced surface of clip reaction (Type IV) with two 2-𝒇𝒕 wide
panels connected to the seam
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Using the same method, the coefficients of the sum of sines models on three sections perpendicular
to the standing seams are calculated and shown in table 6-6. Figure 6-23 depicts these models. The
modeled influence surface of two clips on the corner of the tested roof is shown in figure 6-24.

Table 6-6: Coefficients of analytical model perpendicular to the seam connected to two 2-ft
wide panels (Clip: Type VI)
Coefficients of Model (𝒂𝟏 𝒔𝒊𝒏(𝒃𝟏 𝒙 + 𝒄𝟏 ) + 𝒂𝟐 𝒔𝒊𝒏(𝒃𝟐 𝒙 + 𝒄𝟐 ))
𝒂𝟏

𝒃𝟏

𝒄𝟏

𝒂𝟐

𝒃𝟐

𝒄𝟐

R-square

Section #1

0.08

0.27

0.55

0.08

1.19

-0.47

0.92

Section #2

0.29

0.72

0.21

0.16

2.11

-2.73

0.96

Section #3

0.29

0.94

-0.26

0.10

2.54

-3.68

0.93

Figure 6-23: : (a) Clip reaction influence function analytical model along the standing
seam (Type VI) with two 2-𝒇𝒕 wide panels connected to the seam, Measured influence
coefficients perpendicular to the seam (black points) and best-fit curve (red line) on
(b) section #1 (c) section #2 (d) section #3
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Figure 6-24: Modeled influenced surface of clip reaction (Type VI) with two 2-𝒇𝒕 wide
panels connected to the seam

6.3
Validation of the analytical model of influence surfaces
using pressure loading approach

According to the results presented in section 5.4, using integrated effective areas provides a better
estimation of induced loads on installed clips on tested standing seam metal roof compared to
using geometric tributary areas. As shown in the previous section, in order to model these
integrated effective areas and the influence functions of clip reactions along the standing seams,
the restraints at the boundaries of roof system are assumed to perform like simple supports.
Although the changes of influence functions on the adjacent panels are modeled by finding the
best fit for this set of data, it is essential to assess the suggested analytical model against the
measured integrated influence surfaces.

Considering the same set-up shown in section 5-4, which shows applying dynamic pressures on
the standing seam metal roof using twelve pressure chambers, induced clip reactions are estimated
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using suggested analytical model. Figure 6-25 depicts the comparison between total estimated
load using measured integrated effective areas and the one calculated using modeled effective
areas. Tables 6-7 to 6-10 provide a comparison between the statistical properties of estimated clip
reactions using these two approaches. It can be observed that using both measured and modeled
influence functions provides similar estimations, which can be explained by the fact that an
empirical model is used for changes of influence coefficients over the adjacent panels. When it
comes to the behaviour of standing seams, modeling the clips as vertical springs provides a good
estimation of the measurements, and although the attachments of standing seams at the boundaries
of the roof are modeled as simple supports, it can be observed that the effect of this simplification
can be ignored.

Figure 6-25: Comparison of different methods used to estimate clip reactions
Total estimated load using measured effective areas (blue) Total estimated load using
modeled effective areas (red)
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Table 6-7: Statistical properties of induced clip reactions on the SSMR system (Type I)
Clip

#79

#80

#81

#82

#83

#84

#85

#86

#87

#88

#89

#90

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

Using Measured
Influence Surface
(lbs)
0

Using Modeled
Influence Surface
(lbs)
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

6.54 ± 0.05

5.63 ±0.03

1.21 ± 0.025

1.03 ± 0.01

32.52 ± 0.52

38.17 ± 0.15

4.32 ± 0.09

5.2 ± 0.06

34.78 ± 0.48

33.1 ± 0.17

5.52 ± 0.098

6.11 ± 0.07

39.65 ± 0.43

36.87 ± 0.16

5.42 ± 0.11

4.98 ± 0.09

23.57 ± 0.17

23.92 ± 0.31

2.74 ± 0.13

3.39 ± 1.98

18.26 ± 0.18

25.28 ± 0.36

4.46 ± 0.16

4.8 ± 1.69

35.43 ± 0.74

39.76 ± 0.76

14.02 ± 0.52

14.88 ± 0.47
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Table 6-8: Statistical properties of induced clip reactions on the SSMR system (Type II)
Clip

#101

#102

#103

#104

#105

#106

#107

#108

#109

#110

#111

#112

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

Using Measured
Influence Surface
(lbs)
0

Using Modeled
Influence Surface
(lbs)
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2.25 ± 0.33

5.64 ± 0.18

0.74 ± 0.02

1.18 ± 0.025

90.87 ± 1.97

98.65 ± 2.22

18.2 ± 0.43

19.7 ± 0.44

105.34 ± 2.57

109.95 ± 2.58

21.14 ± 0.46

22.05 ± 0.49

105.19 ± 2.17

103.96 ± 2.07

21 ± 0.52

20.7 ± 0.5

87.43 ± 1.59

88.92 ± 4.12

19.02 ± 0.95

17.41 ± 1.16

85.59 ± 1.56

90.19 ± 4.3

21.13 ± 1.07

17.62 ± 1.05

112.95 ± 1.8

105.26 ± 1.33

30.76 ± 0.79

28.2 ± 0.67
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Table 6-9: Statistical properties of induced clip reactions on the SSMR system (Type III)
Clip

#123

#124

#125

#126

#127

#128

#129

#130

#131

#132

#133

#134

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

Using Measured
Influence Surface
(lbs)
0

Using Modeled
Influence Surface
(lbs)
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3.54 ± 0.02

5.3 ± 0.28

0.65 ± 0.014

1.13 ± 0.01

68.1 ± 4.54

73.94 ± 4.1

18.06 ± 0.25

16.43 ± 0.26

88.7 ± 4.12

86.21 ± 4.78

19.09 ± 0.32

19.03 ± 0.28

53.73 ± 2.46

82.36 ± 4.21

11.53 ± 0.18

18.06 ± 0.27

88.72 ± 2.81

96.9 ± 2.75

24.84 ± 1.38

20.3 ± 0.9

86.85 ± 2.75

96.48 ± 1.84

20.95 ± 1.31

19.51 ± 1.6

66.34 ± 1.43

81.54 ± 0.38

17.59 ± 1.23

20.31 ± 1.09
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Table 6-10: Statistical properties of induced clip reactions on the SSMR system (Type IV, V,
and VI)
Clip

#145

#146

#147

#148

#149

#150

#151

#152

#153

#154

#155

#156

#157

#158

Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation
Mean
Standard
deviation

Using Measured
Influence Surface
(lbs)
0

Using Modeled
Influence Surface
(lbs)
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3.99 ± 0.14

4.62 ± 0.05

1.06 ± 0.04

1.2 ± 0.013

46.59 ± 2.74

43.13 ± 3.24

10.15 ± 0.11

9.82 ± 0.22

49.58 ± 3.02

45.11 ± 3.44

10.87 ± 0.13

10.3 ± 0.24

66.76 ± 3.42

43.8 ± 3.19

14.47 ± 0.14

9.98 ± 0.17

33.86 ± 0.27

43.17 ± 0.39

7.72 ± 0.34

12.18 ± 0.93

41.01 ± 0.3

44.2 ± 0.55

10.13 ± 0.43

12.24 ± 0.79

47.3 ± 0.73

53.07 ± 0.35

11.59 ± 0.33

14.05 ± 0.54

28.94 ± 0.11

23.6 ± 0.21

7.39 ± 0.21

6.65 ± 0.33

35.77 ± 1.43

31.78 ± 1.32

8.76 ± 0.02

7.88 ± 0.2
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6.4
Validation of the analytical model using full-scale wind
tunnel data

As mentioned before, the restraints on the boundaries of the standing seam metal roof affect the
stiffness and subsequent deformation of the roof system under pressure. Also, the size of the panels
plays a critical role in their performance. Thus, although the empirical model suggested for the
points on the panel away from the standing seam matches this roof system, it cannot be used for
panels with a different size or boundary conditions. In order to generalize the analytical model to
be used for different set-ups, while the performance of the standing seams is modeled as a beam,
the changes of clip reaction influence functions in transfer direction are assumed linear from the
calculated influence coefficient on the standing seam to zero on the adjacent seam. These
simplifications are assessed using full-scale wind tunnel data.

As mentioned, a 30𝑓𝑡 by 45𝑓𝑡 standing seam metal roof was tested at the full-scale wind tunnel
in the Insurance Institute for Business and Home Safety’s (IBHS) and was subjected to different
wind profiles with wind directions of 0° to 90° on each corner. Taking into account the difference
between the dimensions of the tested roof at IBHS and the SSMR system tested at IRLBH, the
locations of pressure transducers considered for current experiments at IRLBH and the locations
of clips with installed load cells shown in figure 6-26.

For experiments at IBHS, each test was conducted for 15 min, and as the pressure distributions on
the roof were measured by installed pressure transducers, the induced loads on clips were measured
using S-shape load cells. Figure 6-27 depicts peak pressure coefficients on the roof for different
wind directions.
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Figure 6-26: Locations of pressure transducers (black + ) and clips with installed load
cells (red square) on the tested SSMR system at IRLBH
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Figure 6-27: Measured peak pressure coefficients on the roof at different wind directions
(𝒂) 𝟎° (𝒃) 𝟏𝟎° (𝒄) 𝟐𝟎° (𝒅) 𝟑𝟎° (𝒆) 𝟒𝟎° (𝒇) 𝟓𝟎° (𝒈) 𝟔𝟎° (𝒉) 𝟕𝟎° (𝒊) 𝟖𝟎° (𝒋) 𝟗𝟎°

The induced load on each clip (𝐹𝑈 ) can be calculated using;

𝐹𝑈 (𝑡) = ∫(𝑃(𝑥, 𝑦, 𝑡) + 𝑊) 𝐼 (𝑥, 𝑦) 𝑑𝐴

(33)

𝐴

where 𝑃 is the measured pressure distribution on each pressure transducer and 𝑊 represents the
weight of the roof panels per unit area and equals to 58.9 𝑃𝑎. 𝐼 is the modeled influence function
of each clip reaction. Measured clip reactions on the tested metal roof can be estimated considering
the applied pressure distributions and modeled effective area assigned to each clip.
The difference between measured clip reaction and estimated induced load could be calculated as;

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑃𝐷) = [

𝐹𝑈
𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

− 1] × 100

(34)
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The percent difference for each clip reaction for all wind directions is calculated. It should be noted
that when the measured clip reaction is not high, even a small magnitude of difference results in a
great present difference. Thus, for each clip, the average of PDs of all wind directions is calculated
and is presented in figure 6-28. Figure 6-29 depicts the percentage differences of measured clip
reactions and calculated induced loads using standard method. It can be observed that for most of
the clips installed at the ridge of the roof, using modeled influence surfaces results in
underestimating the clip reactions and for the clips in the middle of the roof, the clip reactions are
overestimated. This difference can be explained by the fact that for modeling the behavior of
standing seam, the installed clip at the ridge is considered as the end of the idealized beam while
in fact, as mentioned in section 3-2 and shown in figure 3-12, the panels cross the purlin and are
attached to the back-up plates under the ridge cap. As a result, part of the induced load on the ridge
cap transfers to the clips, but considering the fact that using standard method overestimates the
induced load of these clips, the influence surfaces are smaller than geometric tributary areas.

Figure 6-28: Percent difference of measured clip reactions and calculated induced loads
using modeled effective areas (a) mean values (b) standard deviation
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Figure 6-29: Percent difference of measured clip reactions and calculated induced loads
using geometric tributary areas (a) mean values (b) standard deviation

6.5

Summary

In order to calculate the effective area of installed clips on a standing seam metal roof system, a
linear analytical model is developed by focusing on two aspects; changes of influence coefficients
along the standing seam and changes perpendicular to the seam on two adjacent panels. The
performance of a standing seam can be idealized as a continuous beam with clips modelled as
vertical springs and the attachments of seams to the edges of the roof as simple supports. By
considering this model and measured influence coefficients of clip reactions, an estimation of the
vertical stiffness of clips is provided. By fitting to the measured influence coefficients, an empirical
model for changes of influence functions over the two adjacent panels for each type of clips is
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presented. In order to generalize the analytical model to be practical for panels with different sizes
and boundary conditions, the changes of clip reaction influence functions in transfer direction are
assumed linear from the calculated influence coefficient on the standing seam to zero on the
adjacent seam. It is shown that although using standard method provides a good estimation for
clips located on interior parts of the roof, it overestimates induced load on clips close to the
boundaries of the roof.
Cladding systems such as standing seam metal roofing systems are designed as a product and not
specifically for each structure. Their load capacity is determined through conducting standard test
protocols. As mentioned before, one of the limitations of these standard tests methods is the
unrealistic boundary conditions of the tested specimen. That is why the failure modes observed
during uniform pressure tests occur at different pressures or locations. According to the results
presented in chapter 4, under increasing uniform pressure, the reduction of induced loads on clips
leads to initiating the failure of the roofing system at the boundaries of the roof. In other words,
while the critical factor in determining the load capacity is the performance of boundary restraints,
focusing on the performance of the clips, as it is for standard protocols, might lead to
overestimation of load capacity of the panels.

Although the proposed analytical model only represents the linear behaviour of the roofing system,
it can be used for including the influence of boundary restraints in standard test protocols. The
induced load on clips can be estimated using the analytical model. Then, by measuring clip
reactions while uniform pressure is applied on a standard test set-up and comparing with estimated
induced loads, coefficients for correcting the influence of boundary conditions can be calculated.
These boundary condition coefficients can be used to provide more accurate load capacity as the
tested specimen fails under higher pressures.
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7

Considering roofing system profile in determining the design
load of roof components

The approach to obtain design pressure coefficients for cladding and components is explained in
chapter 30 of ASCE 7-16. As mentioned before, the standard method to consider the spatial
variation of wind load is to define different zones of uniform pressure coefficients. For the tested
roof at IRLBH as a symmetric gable roof with a slope of 1:12, different zones are shown in figure
7-1. The dimensions of zones are defined according to ASCE7-16 (Fig. 30.3-2A).

Figure 7-1: Defined zones of pressure coefficients on the tested standing seam metal roof
according to ASCE 7-16
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The magnitude of the pressure coefficient on different zones is calculated based on the effective
area of components as shown in figure 7-2.

Figure 7-2: Provisions in ASCE 7-16 for pressure coefficients on different roof zones for a
gable roof with 𝜽 ≤ 𝟕° (ASCE 7-16, Fig. 30.3-2A)

It can be observed that in order to calculate the design load for a component the only needed
information is its effective area and its location. In other words, components with the same
effective areas on two different roof systems, one with a flat surface and the other one with standing
seams, are designed for the same wind load. Thus, the question is; how the profile of the roof and
its effect on load sharing should be considered in defining design wind load.
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7.1

Use of the LRC method in defining peak clip reaction

Consider the clip 𝑘, shown in figure 7-3. Applying different pressure distributions, 𝑃𝑖 (𝑥, 𝑦, 𝑡), on
its tributary area induces the reaction of 𝐹𝑈 (𝑡) on the clip.

Figure 7-3: Schematic view of a clip subjected to pressure distributions

As discussed in section 1-3, focusing on the maximum structural response, Load-ResponseCorrelation (LRC) method defines pressure load pattern which causes the peak clip reaction. The
equivalent static wind pressure over each overlapped area, (𝐴𝑒𝑖 ), can be calculated as;
̅𝑖 + 𝑔𝐹 . 𝜌𝑃 . 𝜎𝑃
𝑃(𝐸𝑞𝑆𝑡)𝑖 = 𝑃
𝑖
𝑖

(35)

̅𝑖 and 𝜎𝑃 represent the mean value and standard deviation of applied pressure distribution
where 𝑃
𝑖
on each overlapped area, 𝑔𝐹 is the peak factor of the clip reaction, and 𝜌𝑃𝑖 is the correlation
coefficient between each pressure distribution and the clip reaction. Thus, the maximum value of
induced load on clip 𝑘, can be estimated to:
4

F̂𝑈 = ∑ 𝑃(𝐸𝑞𝑆𝑡)𝑖 𝐴𝑒𝑖
𝑖=1

(36)
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In order to have a better understanding of equivalent static wind patterns which can be used to
calculate maximum reactions of clips installed on the standing seam metal roofs, measurements of
IBHS experiments are considered to validate the use of LRC method.

7.1.1

Validation of the LRC method using Full-scale wind tunnel data

As discussed before, the effective area of an installed clip on the standing seam metal roof system
can be calculated as the integration of clip reaction influence function over the surface with nonzero influence functions, 𝐴:

𝐴𝑒 = ∫ 𝐼 (𝑥, 𝑦) 𝑑𝐴

(37)

𝐴

According to the results, the surface with non-zero influence function of the clips installed on the
SSMR system is the area of two adjacent panels all along the standing seam.

As mentioned before, the tested standing seam metal roof at full-scale wind tunnel in the Insurance
Institute for Business and Home Safety’s (IBHS) was subjected to different wind profiles with
wind directions in the range of 0°-90° on each corner at four different wind speeds (25.8, 31.9,37.8
,and 44 m/s) (Morrison and Reinhold, 2015). Ten sets of data with wind directions of 0° to 90° at
the corner with a 3-second gust wind speed of 37.8 𝑚/𝑠 at the roof height are chosen for validating
the use of Load-Response-Correlation (LRC) method.
Considering the measured reaction on an installed clip on the SSMR system, the equivalent static
pressure for the pressure transducers whose tributary areas overlap with the influence surface of
the clip can be calculated, and the maximum value of the clip reaction can be estimated to;
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F̂𝑈 = ∫ (( ̅̅̅
𝑃𝑘 + 𝑔𝐹 . 𝜌𝐹𝑃𝑘 . 𝜎𝑃𝑘 ) + 𝑊) 𝐼𝐹𝑃𝑘 𝑑𝐴

(38)

𝐴

where ̅̅̅
𝑃𝑘 and 𝜎𝑃𝑘 represent the mean value and standard deviation of measured pressure at the
location of each pressure transducer, 𝑔𝐹 is the peak factor of the clip reaction, 𝜌𝐹𝑃𝑘 is the
correlation coefficient between the pressure on pressure transducer, 𝑘 and the clip reaction, 𝐹, 𝐼𝐹𝑃𝑘
represents the influence function of response associated with the pressure (𝑃) at pressure
transducer, 𝑘. The weight of the roof panels per unit area is presented as 𝑊 and equals to
58.9𝑃𝑎 (

𝑁
𝑚2

). Consider clip #134 as an example. Figure 7-4 depicts the location of this clip and the

pressure transducers influencing its reaction.

Figure 7-4: Locations of pressure transducers (black + ) influencing the induced load on
clip #134 (blue square)

As an example, figure 7-5 shows the time history of measured load on clip #134 for wind direction
of 20°. For each wind direction, by dividing the reaction time history into ten segments, the
maximum value of each segment is extracted. By fitting these peak values with the Gumbel
distribution considering the Lieblein best linear unbiased estimator (BLUE) (1974) method, the

156
peak values of time histories are calculated for a return period of 10-year which are similar to the
observed maximum reactions. Considering these maximum values, the peak factor for each wind
direction is calculated and provided in table 7-1.

Figure 7-5: Measured induced load on clip #134 on tested SSMR at IBHS for wind
direction of 𝟐𝟎°

Table 7-1: Peak factor of measured load on clip #134
Wind Direction

Peak Factor

𝟎°

𝟏𝟎°

𝟐𝟎°

𝟑𝟎°

𝟒𝟎°

𝟓𝟎°

𝟔𝟎°

𝟕𝟎°

𝟖𝟎°

𝟗𝟎°

4.04

3.31

3.6

3.8

2.36

4.17

2.84

2.99

3.33

3.53
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For each wind direction, the correlation coefficients between measured load on clip #134 and
pressure distributions of pressure transducers influencing its reaction are calculated, and the
contours of these correlation coefficients are shown in figure 7-6.

Figure 7-6: Correlation coefficient between measured load on clip #134 and pressures
measured on pressure transducers for different wind directions
(𝐚) 𝟎° (𝐛) 𝟏𝟎° (𝐜) 𝟐𝟎° (𝐝) 𝟑𝟎° (𝐞) 𝟒𝟎° (𝐟) 𝟓𝟎° (𝐠) 𝟔𝟎° (𝐡) 𝟕𝟎° (𝐢) 𝟖𝟎° (𝐣) 𝟗𝟎°

Using the calculated correlation coefficients (Figure 7-6) and peak factors (Table 7-1) and
considering the pressure distributions on the standing seam metal roof, the equivalent static wind
patterns can be calculated based on equation 35, for each wind direction data set. These equivalent
static pressures can be presented as non-dimensional coefficients;

𝐶𝑝 =

𝑃𝐸𝑞𝑆𝑡
2
0.5 𝜌 𝑉𝐻,3𝑠

(39)

2
where 𝜌 is the density of air and 𝑉𝐻,3𝑠
is the 3-second gust wind speed at the roof height of the

building. The calculated equivalent static pressure on each pressure transducer is represented as
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𝑃𝐸𝑞𝑆𝑡 . The plots of these equivalent static pressure coefficients which can be used for estimating
the maximum value of the induced load on clip #134 are presented in figure 7-7. Table 7-2 provides
the comparison between the statistical peak reactions and the estimated peak loads of clip #134 for
different wind directions using the LRC method. Considering the pressure patterns presented in
figure 7-7, in order to come up with one pattern which can be used for estimating the maximum
reaction of clip #134, for each pressure transducer, the mean pressure coefficient over all wind
directions is calculated and the result is plotted in figure 7-8.

Figure 7-7: Coefficients of equivalent static wind load of measured load on clip #134 for
different wind direction
(𝒂) 𝟎° (𝒃) 𝟏𝟎° (𝒄) 𝟐𝟎° (𝒅) 𝟑𝟎° (𝒆) 𝟒𝟎° (𝒇) 𝟓𝟎° (𝒈) 𝟔𝟎° (𝒉) 𝟕𝟎° (𝒊) 𝟖𝟎° (𝒋) 𝟗𝟎°
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Table 7-2: Comparison between measured and calculated peak induced load on clip #134
Wind Direction
𝟎°

𝟏𝟎°

𝟐𝟎°

𝟑𝟎°

𝟒𝟎°

𝟓𝟎°

𝟔𝟎°

𝟕𝟎°

𝟖𝟎°

𝟗𝟎°

94.56

103.89

Measured
Peak Load

74.64 115.95 167.32 161.14 132.49

94.72

152.33 76.62

(𝒍𝒃𝒔)
Calculated
Peak Load

83.39 112.78 182.87 173.36 125.94 104.35 164.24 95.66 101.26 112.57

(𝒍𝒃𝒔)

Figure 7-8: Mean equivalent static pressure coefficient over all wind directions for the
induced load on clip #134

This approach is repeated for the induced load on all the installed clips on the standing seam metal
roof system. It should be noted that the LRC method provides a unique pressure pattern for each
clip reaction, thus, depending on which component is considered, different patterns can be
presented for the same part of the roof.
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In order to have an equivalent static wind distribution all over the roof system for each wind
direction, for each pressure transducer, the lowest value of the calculated equivalent pressure
coefficients, is chosen as the worst case (highest suction). Figure 7-9 depicts this distribution on
the part of the roof with installed load cells for each wind direction. Considering the pressure
distributions shown in figure 7-9, by calculating the mean value of these pressure coefficients over
all the wind directions, a general wind load pattern is obtained and shown in figure 7-10.

Figure 7-9: Worst Coefficients of equivalent static wind load for different wind direction
(𝒂) 𝟎° (𝒃) 𝟏𝟎° (𝒄) 𝟐𝟎° (𝒅) 𝟑𝟎° (𝒆) 𝟒𝟎° (𝒇) 𝟓𝟎° (𝒈) 𝟔𝟎° (𝒉) 𝟕𝟎° (𝒊) 𝟖𝟎° (𝒋) 𝟗𝟎°
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Figure 7-10: Mean equivalent static pressure coefficient of all wind directions on the
standing seam metal roof. The red lines correspond to ASCE 7-16 definition of roof zones

7.2
Comparison between the equivalent static pressure
coefficients and the standard pressure coefficients

As discussed before, standards like ASCE 7 considers the spatial variation of pressure distributions
over the structural surfaces by assigning uniform pressure coefficients to pre-defined zones. To be
able to compare the calculated pressure pattern shown in figure 7-10 with the one determined
according to standard ASCE 7-16, new uniform pressure coefficients are defined by calculating
the area average of equivalent static pressure coefficients over the same pressure zones and are
shown in figure 7-11. As mentioned before, for IBHS experiments, the measured pressures were
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referenced to internal pressure. Thus, rather than external pressure coefficients, these set of data
provides the net pressure coefficients on the roof.

Figure 7-11: Area-averaged equivalent static net pressure coefficients over roof
zones defined by ASCE 7-16 (Red lines)

According to the results, by using Load-Response-Correlation method and taking into account the
impact of load sharing in defining design wind loads, for zone 3, the magnitude of uniform pressure
coefficient along the eave end is greater than the one beside the gable edge which is in the
agreement with previous findings in section 4.3, regarding the impact of eave end on the load
sharing on the SSMR system. Considering the clips installed on the standing seam metal roof, the
modeled effective areas of all the clips are less than 10 𝑓𝑡 2 . The standard pressure coefficients for
different pressure zones can be determines based on the graph shown in figure 7-2 for components
with areas less than 10 𝑓𝑡 2 . A comparison between net pressure coefficients defined according to
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ASCE 7-16 and the ones calculated using equivalent static (EqSt) pressure coefficients, is provided
in table 7-3. Considering the modeled effective areas of clips, the use of area-averaged equivalent
static pressure coefficients (𝑬𝒒𝑺𝒕 𝑪 𝑷 ) and standard pressure coefficients (𝑨𝑺𝑪𝑬 𝑪 𝑷) for calculating
the induced clip reactions is compared and is provided in table 7-4.

Table 7-3: Comparison between area-averaged equivalent static 𝑪 𝒑 and standard 𝑪 𝒑

Area
#1

Equivalent static

ASCE7-16 net

net pressure

pressure

coefficients

coefficients

-2.4

-2.0
(-2.3-0.3)

Area
#2

-2.8
-2.6
(-2.3-0.3)

Area
#3

-2.8
-2.6
(-2.3-0.3)

Area
#4

-2.8
-2.6
(-3.2-0.3)

Area
#5

-3.1
-3.5
(-3.2-0.3)

Area
#6

(-1.7-0.3)

-3.4
-3.5
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Table 7-4: Comparison between estimated clip reactions using modeled effective areas (𝑨𝒆 ),
area-averaged equivalent static pressure coefficients (𝑬𝒒𝑺𝒕 𝑪 𝑷 ) and standard pressure
coefficients (𝑨𝑺𝑪𝑬 𝑪 𝑷 )
Clip reaction (𝒍𝒃𝒔)

Clip reaction (𝒍𝒃𝒔)

𝑬𝒒𝑺𝒕

𝑨𝑺𝑪𝑬

𝑬𝒒𝑺𝒕

𝑨𝑺𝑪𝑬

𝐂 𝐏 , 𝑨𝒆

𝐂 𝐏 , 𝑨𝒆

𝐂 𝐏 , 𝑨𝒆

𝐂 𝐏 , 𝑨𝒆

79

96.26

79.54

106

387.39

326.25

133

382.08

356.56

80

96.26

79.54

107

387.39

326.25

134

401.65

415.26

81

128.35

106.06

108

387.39

326.25

145

193.93

181.33

82

128.35

106.06

109

397.84

341.90

146

193.93

181.33

83

128.35

106.06

110

440.81

406.23

147

258.58

241.77

84

128.35

106.06

111

447.85

415.75

148

258.58

241.77

85

128.35

106.06

112

450.73

424.41

149

258.58

241.77

86

128.35

106.06

123

276.97

251.11

150

258.58

241.77

87

132.49

112.29

124

276.97

251.11

151

258.58

241.77

88

149.55

137.88

125

369.29

334.81

152

258.58

241.77

89

150.99

140.20

126

369.29

334.81

153

260.58

245.53

90

150.27

138.05

127

369.29

334.81

154

268.80

260.97

101

290.54

244.69

128

369.29

334.81

155

206.51

200.02

102

290.54

244.69

129

369.29

334.81

156

216.89

231.16

103

387.39

326.25

130

369.29

334.81

157

122.36

122.69

104

387.39

326.25

131

371.86

338.77
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125.37

131.71

105

387.39

326.25

132

382.40

355.07

Clip

Clip

𝑬𝒒𝑺𝒕

𝑨𝑺𝑪𝑬

𝐂 𝐏 , 𝑨𝒆

𝐂 𝐏 , 𝑨𝒆

Clip reaction (𝒍𝒃𝒔)
Clip
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According to the results presented in table 7-3, using ASCE 7 underestimates the net pressure
coefficients applied to the standing seam metal roof, except for zone 3 and according to the results
provided in table 7-4, despite using different pressure coefficients at the corner of the roof, the
overestimation of induced reactions of clips located within the zone 3, using the standard pressure
coefficients, is about 3.5 %. For the clips located within zones 1 and 2, this underestimation is
about 12%. This underestimation can be explained by the fact that the equivalent static pressure
coefficients are defined based using the highest suction occurs on each pressure transducers.

As mentioned before, the measurements at the full-scale wind tunnel in the Insurance Institute for
Business and Home Safety’s (IBHS), has provided a unique data set of pressure distributions on a
standing seam metal roof system and the induced loads on its components which is not the case
for model-scale experiments. On the other hand, in order to have a proper interpretation of design
wind loads provided in ASCE 7 for designing standing seam metal roof systems, it is essential to
consider several pressure distributions data sets. To be able to use LRC method for different data
sets, in the absence of clip reaction measurements, the proposed modeled effective areas can be
used to estimate clip reactions, and the correlation coefficient between the pressure distributions
and the clip reactions and the peak factors which are necessary for using the LRC method, can be
determined.
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7.3

Summary

Standards like ASCE 7 consider the spatial variation of wind load by defining zones with uniform
pressure coefficients. The sizes of these zones are determined based on the dimension and
geometry of the building. However, it should be noted that the performance of the roof systems is
determined by the performance of their components and roof systems with the same geometry but
different structural details, behave differently under the same pressure distribution.

The Load-Response-Correlation (LRC) method introduces an equivalent static pressure
distribution which can be used to determine the maximum value of the specific structural response.
By using this method and focusing on the reactions of clips as the components which determine
the performance of a standing seam metal roof, new uniform pressure coefficients are calculated
for ASCE 7 pressure zones. In order to validate the use of Load-Response-Correlation method for
calculating the structural responses of the SSMR system, full-scale wind tunnel measurements are
used. It is observed that by considering the performance of clips in the process of defining pressure
distributions, different pressure coefficients should be used for eave and gable ends of the roof at
the corner of the roof, which emphasizes the role of roof profile and load sharing in determining
design wind loads.
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8

Conclusions

During windstorms, most of the economic loss comes from damages in the roof system since even
small damages can result in the entrance of the rain and subsequent content loss. That is why it is
critical to understand the behavior of the roof systems under high wind loads and improve their
performance. The performance of the roofing systems is controlled by the performance of their
components but the challenge is that most of our understanding about performance of the structures
under wind loads comes from model-scale experiments and considering all the details of the
structure which play a critical role in the performance of the cladding system, is not an easy task.

Standing seam metal roofing systems, which are commonly used in low-rise industrial buildings,
include horizontal panels with vertical ribs. Under wind loads, the flexible panels deform while
the structural support of the system is provided by the standing seams. Current physical test
protocols like ASTM E1592 (2005) determine the uplift capacity of SSMR systems by applying
uniform pressure until separation of clips from roof assembly. Standard tests do not include
measuring loads on the clips and evaluating the strength of boundary restraints. Thus, standard
protocols investigate the performance of roof systems without considering the influence of load
sharing.

Full-scale experiments at IRLBH provided the opportunity to test the performance of standing
seam metal roof system with realistic dimensions and boundary conditions. The spatial variation
of applied wind load is considered by installing pressure chambers with different sizes on the
SSMR system. Although measuring the induced load on the fasteners at the boundaries of the roof
is not possible, but the influence of boundary restraints on the load sharing among the installed
clips can be investigated. Load sharing on the roof system is investigated by applying pressure on
specific parts of the roof and measuring clip reactions. Under low wind pressures (less than 500
𝑃𝑎) , the proportions of induced loads on clips installed on SSMR remain constant and a linear
relationship between pressure distributions and structural responses can be considered. However,
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as higher suctions occur on the standing seam metal roof, due to the large deformation of the
standing seam metal roof panels, load sharing among the clips changes. As the applied uniform
pressure increases, the ratios of induced clip reactions change linearly and more loads transfer to
the fasteners at the eave end of the roof, while load transfer to the gable edge reduces.

Considering a linear relationship between wind loads and the responses of structural components,
the induced wind load on the clips of the SSMR system can be estimated by considering the proper
effective area of the components. The standard approach to define induced load on the components
is to consider the geometric tributary area as the effective area of the structural component and
assigning uniform influence functions to the area. Using this method eliminates the influence of
boundary conditions and roof profile on load sharing among the components. All these
simplifications result in an overestimation of total induced load on the installed clips and
underestimating the amount of the load which carries by the fasteners at the boundaries of the roof
system.

Compared to the geometric areas, more accurate influenced surface for the clips installed on the
standing seam metal roof was defined using the influence function concept which covers two
panels all along the standing seam. By considering larger surface with non-zero influence function
and reduction of assigned influence coefficients, the induced clip reactions decrease. This
reduction is noticeable for clips close to the eave end. As the metal panels deform under high wind
loads, the relationship between wind loads and clip reactions does not remain linear and the
induced load on clips decrease. Thus, since the clip reactions effective areas were measured while
no pressure was applied on the roof, using influence functions results in overestimation of clip
reactions. The percentage of this overestimation depends on the magnitude of the panel
displacements which is controlled by the size and boundary conditions of the tested specimen.

By considering the changes of influence coefficients along the standing seam and the changes
crosswise over two adjacent panels, a linear analytical model is presented to calculate the effective

169
area of installed clips on a standing seam metal roof system. The performance of a standing seam
can be idealized as a continuous beam with modeling clips as vertical springs and the attachments
of seams to the edges of the roof as simple supports. The clips as components of a roof system
show higher vertical stiffness compared to the time that they are tested as an individual component.
An estimation of the vertical stiffness of clips is provided using this analytical model and the
measured influence coefficients of clip reactions. In order to generalize the analytical model to be
used for panels with different sizes and boundary conditions, the changes of clip reaction influence
functions in transfer direction are assumed linear from the calculated influence coefficient on the
standing seam to zero on the adjacent seam.

According to the results presented in previous chapters, under increasing uniform pressure, the
reduction of induced loads on clips leads to initiating the failure of the roofing system at the
boundaries of the roof while the clips remain attached. Thus, while the critical factor in
determining the load capacity is the performance of boundary restraints, the standard protocols
might overestimate the load capacity of the panels by only focusing on the performance of the
clips. Although the proposed analytical model only represents the linear behaviour of the roofing
system, it can be used to improve the standard test protocols by including the influence of boundary
restraints.

As a suggestion for the future study:


In order to improve the standard test methods to present more realistic load capacity of
roofing system, by using the proposed analytical model, the induced load on clips can be
estimated. Then, by measuring clip reactions while uniform pressure is applied on a
standard test set-up and comparing with estimated induced loads, coefficients for
correcting the influence of boundary conditions can be calculated to determine more
realistic allowable wind load.



By using the LRC method, it is possible to take into the account the influence of load
sharing for determining the design wind load of roof components. Thus, different model-
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scale wind tunnel data sets should be used to validate the use of Load-Response-Correlation
method for calculating the structural responses of a low-rise SSMR system and defining
design pressure coefficients by considering the role of roof profile and load sharing.
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Appendices
Appendix A: Steel structure details
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Appendix B: Lower Beam details
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Appendix C: Standing Seam Metal Roof (SSMR) system

Figure C-1: Panel attachments at the eave edge of the roof

Figure C-2: Installation of sculptured eave trim
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Figure C-3: Trim details on the ridge

Figure C-4: Installation of outside closure at the ridge of the roof
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Figure C-5: Installation of outside closure/ ridge flash at the ridge of the roof
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Figure C-6: Trim details – Rake to Rake
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Appendix D: Uncertainty analysis

For the experimental measurements to be of any use, the uncertainty of the measurement must be
known. The uncertainty of a measurement can be defined as:
𝑤 = (𝐵2 + 𝑃2 ) 0.5
where 𝐵 presents the bias error and 𝑃 is known as random uncertainty. For the load cells, the
output results (𝑋) has a linear relationship with the sensor response (𝑉);
𝑋 = 𝑎𝑉 + 𝑏
The Bias uncertainty can be calculated as;
𝐵 = 𝑉0 ×

𝑑𝑋
= 𝑉0 × 𝑎
𝑑𝑉

where 𝑉0 is the measurement uncertainty of the sensor.

Random uncertainty is associated with the measurement and is dependent on the sample size. If
the variable X is measured N times, then the standard deviation of the sample can be determined
from;
1/2

𝑁

(𝑋𝑖 − 𝑋̅)
)
𝑆𝑋 = (∑
𝑁−1
𝑖=1

and, the mean value of measurements, 𝑋̅, can be determined from;
𝑋̅ =

∑𝑁
𝑖=1 𝑋𝑖
𝑁

It is assumed that the mean value is the best estimate of measurements thus the uncertainty of
measurements, 𝑃𝑖 , can be represented as;
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𝑋𝑖 = 𝑋̅ ± 𝑃𝑖
The uncertainty of measurement is an estimate that characterizes the range of values within which
the actual value is believed to lie;
𝑃[|𝑋𝑖 − 𝑋̅| > 𝑃𝑖 ] = 𝛼
where 𝛼 forms the (1 − 𝛼 ) × 100% confidence level. The random uncertainty is usually estimated
using the t-distribution and the value of t is calculated based on the confidence level and the degree
of freedom (𝜈 = 𝑁 − 1). For the N number of measurements, the random uncertainty is determined
from;
𝑃 = ±𝑡

where

𝑆𝑋
√𝑁

𝑆𝑋
√𝑁

is the estimate of the standard deviation of the mean.
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